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ABSTRACT 
As part of an ongoing effort to implement a semi-hybrid breeding scheme AWfcago 
jafiva subsp. /â/cafa genotypes from across the subspecies range were testcrossed to elite 
subsp. ^afiva populations to determine hybrid performance. The goal was to determine, 
which falcata germplasm created the most superior hybrids. Factors such as falcata parental 
morphology, molecular fragment differences, and climate of origin variables were used to 
group the falcata genotypes. European falcata germplasm displayed superior biomass yield 
and heterosis compared to Asian falcata germplasm. The superior European performance 
was likely due to genetic differentiation between European and Asian material. In addition 
climate of origin variable selection on parental falcata genotypes caused genotypes from 
climates with low June photosynthetically active radiation to create better yielding and more 
heterotic sativa-falcata hybrids. Improved morphology was not correlated with heterosis, but 
was correlated with improved biomass yield. However, it was observed that visually pre­
selected genotypes for autumn vigor had increased biomass yield and heterosis performance 
when compared with randomly chosen genotypes from the same population. Falcata 
morphological variation overlapped elite-sativa variation for most morphological traits. 
However, for regrowth in particular no falcata populations were found that came anywhere near 
sativa regrowth, suggesting the need for intense selection for this trait. Despite slower regrowth, 
after first and second harvest, average sativa-falcata hybrids performance, by 30 days post-
harvest, had reached the expected mid-point between their parental subspecies means after 
which time (hey showed increasingly outperformed the mid-parental subspecies mean. Based 
on this study focused falcata germplasm selection for testcrossing can be implemented. 
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CHAPTER 1: INTRODUCTION 
Overview of Alfalfa Yield and Hectarage 
Alfalfa (Ma&cogo aafmz L.) is an important forage crop grown throughout the 
world (Hill et al., 1988). In the United States, 9.8 million hectares of alfalfa were grown in 
2002. In 2001 alfalfa production represented about 2.5% of the total hectarage under crop 
production in the United States; for comparison com for grain or silage is grown on 8.1% of the 
total hectarage in the United States (USDA, 2002). Around 50% of all alfalfa in the United 
States is grown in the upper Midwest and northern Great Plains states of Iowa, Minnesota, 
Montana, Nebraska, North Dakota, South Dakota, and Wisconsin (Table 1). South Dakota 
leads the United States in alfalfa hectarage, with 1,174,500 hectares, or 12.0% of all alfalfa 
hectarage (Table 1). Iowa ranks seventh in hectarage with 506,250 hectares, or 5.2% of all 
alfalfa hectarage in the United States (USDA, 2002). Over die past decade alfalfa production 
has shifted westward from Wisconsin into drier areas such as the Dakotas, Montana, Idaho, and 
California. 
The primary traits of interest in alfalfa are yield, forage quality, disease resistance, 
persistence, dormancy, and winterhardiness. The focus of many breeding programs has been on 
increasing forage yields. Yields of alfalfa remained flat from 1919 until about 1955, increased 
steadily from about 1955 until about 1982, and then leveled off through 2002 (Fig. 1; USDA, 
2002). The upper Midwest/northern Great Plains states showed a pattern similar to the United 
States average, except that around 1982 alfalfa yield not only leveled off) but began to decline 
slightly (Table 2). One explanation offered for the yield stagnation is that breeding programs 
have focused on increased pest resistance and other non-yield traits at the expense of 
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breeding for yield. Maintaining or improving many different desirable traits has made 
concurrent yield improvement difBcult (Hill et al., 1988). 
Alfalfa Germplasm 
M. aafmz subsp. safiva (hereafter, "sativa") is the common purple flowered alfalfa 
grown agriculturally. Cultivated alfalfa is usually autotetraploid (2n = 4x = 32), although 
both diploid (subsp. coerw/ea) and autotetraploid populations are found in nature (Quiros and 
Bauchan, 1988). Europeans introduced sativa germplasm onto the American continent at 
various periods. Notable introductions of alfalfa into North America happened in the 1850's 
from Mexico and Chile (Barnes et al., 1977; Quiros and Bauchan, 1988). Today North 
American cultivated/sativa germplasm can be divided into four major groupings: Southwestern 
non-dormant types, Midwestern semi-dormant types, Northeastern semi-dormant types, and 
Canadian dormant types (Fig. 2; Melton et al., 1988; Brummer et al., 1991). Based on random 
molecular markers it is unclear if North American sativa types represent distinct germplasm 
from each other (Kidwell et al., 1994; Brummer et al., 1991). Based on morphology, 
however, the North American sativa types differentiate according to traits associated with 
winter survival (i.e. plant growth habit, fall dormancy, and winter survival) (Melton et al., 
1988). 
M aafiva subsp. yà/cafa (hereafter, "falcata"), a yellow flowered alfalfa, tends to be 
more winterhardy, to have more prostrate growth, and to yield less in the late summer and 
early autumn when compared to sativa (Lesins and Lesins, 1979; Riday and Brummer, 
2002b). Geographically falcata are distributed in the colder areas of Russia, Mongolia, 
Scandinavia and China, while sativa are found in the Middle East, Southern Europe and 
Northern Africa (Hansen, 1907; Lesins and Lesins, 1979). Wild falcata and sativa 
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germplasm overlap in some European regions and Central Asia. Were falcata and sativa 
germplasm overlap Ma&cago azfmz subsp. varwz (a natural sativa-falcata hybrid) is found 
(Hansen, 1907; Lesins and Lesins, 1979). Both tetraploid (2n = 4X = 32) and diploid falcata 
(2n = 2X = 16) populations are found. In both falcata and sativa the diploids are presumed to 
be older than the tetraploids (Lesins and Lesins, 1979). Tetraploids probably formed via 
unreduced gametes, which is not an uncommon occurrence (Quiros and Bauchan, 1988). 
Alfalfa Breeding 
Almost all breeding in alfalfa is through recurrent selection of a single breeding 
population. No effective systems to capture heterosis has been developed, with the exception 
of a proprietary male sterility system developed and used by Dairyland seed company. Two 
major obstacles for capturing heterosis in alfalfa are the synthetic nature of the crop and seed 
increase and production methodologies (Hill, 1987). It is unclear at this point if Dairyland 
has been effectively implement their male sterility systems. It is suspected that they have had 
problems with their seed production methods as well as finding population level heterosis. 
Brummer (1999) proposed an alfalfa breeding and cultivar production scheme that could 
theoretically allow alfalfa breeders to relatively easily capture heterosis (Figure 3). 
Brummer's (1999) semi-hybrid breeding scheme envisions reciprocal recurrent 
selection of two or more populations that show heterosis with each other at the population 
level. In a semi-hybrid system, the two populations would be allowed to intermate in seed 
production fields to produce seed, 50% of which would be hybrid. Intermating of the two 
populations would occur during syn3 seed production; therefore farmers would be planting 
seed that is semi-hybrid seed. Seed increases for each of the two heterotic populations would 
be done separately through synl and syn2 (Figure 3). 
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Hybrids and Heterosis 
The two primary criteria required to manifest heterosis are partial to complete 
dominance at loci controlling the trait of interest and differing allele frequencies between the 
two populations to be crossed (Falconer and Mackay, 1996; Hallauer and Miranda, 1988; 
Woodfreld and Bingham, 1995). Breeding complementary, or "heterotic," populations with 
differing allele frequencies would relieve some of the breeding burden of trying to increase yield 
along with all other desirable traits. The semi-hybrid cross, made in a seed production field, 
would bring together the independently improved populations differing in allele frequencies, 
thereby increasing yield (Brummer, 1999). 
Three hypothetical heterotic groups in alfalfa include: (i) falcata, (ii) dormant or 
moderately dormant sativa, and (iii) nondormant sativa (Brummer, 1999). Heterotic patterns 
may also exist within elite sativa germplasm. Studies have shown heterosis between sativa and 
falcata germplasm, confirming this heterotic pattern (Westgate, 1910; Waldron, 1920; 
Sriwatanapongse and Wilsie, 1968; Riday and Brummer, 2002a; Riday and Brummer, 2002b; 
Riday et al., 2002a; Riday et al., 2002b). 
Dissertation Objectives 
This dissertation is part of a longer-term program at Iowa State University to develop 
enhanced falcata breeding germplasm that would eventually be of commercial breeding 
quality. In a previous project a limited number of sativa and falcata genotypes were 
intermated to examine the sativa-falcata heterotic pattern (Riday and Brummer, 2002a; Riday 
and Brummer, 2002b; Riday et al., 2002a; Riday et al., 2002b). The two main thrusts of this 
project were to examine a broad range of falcata germplasm in elite-sativa by falcata hybrids 
to: 
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1) Determine variables that enhance the probability of selecting superior falcata 
germplasm for use in sativa-falcata hybrids. 
2) Select superior falcata germplasm tested against elite-sativa germplasm to form a 
broad based falcata population for future improvement and study. 
Particularly we wanted to analyze three types of data on parental entries: genetic, 
morphological, and climate of origin. Genetic data has been used to classify genotypes into 
heterotic groups in other species (Messmer et al., 1991; Cheres et al., 2000). We wanted to 
determine rough falcata population structure and determine if these classifications were 
associated with heterosis. Initially we hopped that enough population structure could be 
explained and the tetraploid alfalfa map (Robins et al, 2999) would be dense enough to try 
some association mapping, however, neither objective was achieved. 
Sativa-falcata hybrid morphology is correlated with hybrid biomass yield (Riday, 
2001). We wanted to determine if parental morphology was somehow predictive of hybrid 
performance. In a previous study morphological differential between parents was 25% 
correlated with hybrid heterosis levels (Riday et al., 2003). 
Finally one of the most important aspects was to determine geographically and 
climatically were the best falcata germplasm for sativa-falcata hybrids originated from. In 
addition we wanted to ascertain which of the three parental data types used (parental, 
morphological, and climate) was uniquely most predictive of hybrid performance. By 
achieving all above named objectives a strong informational basis will have been laid for 
understanding how to establish falcata populations with high levels of sativa-falcata hybrid 
heterosis. Also illuminated are the strengths and weaknesses of a broad range of sativa-
falcata hybrids in field trials. 
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Dissertation Organization 
This dissertation is organized into three papers for journal submission. Chapter 2 
"Heterosis of a broad range of alfalfa germplasm" examines parental and sativa-falcata hybrid 
biomass yield in detail. Chapter 3 "Morphology of a broad range of falcata and their sativa-
falcata hybrid progeny" examines the morphology of parental and sativa-falcata hybrids. In 
particular plant width, plant height, growth angle, biomass density, plant maturity, plant 
regrowth, and growth rate over time are reported. Chapter 4 " Climate of origin and genetic 
distribution of falcata germplasm and their sativa-falcata hybrid progeny" examines AFLP 
genetic data as well as numerous climate of origin variables and how these relate to parental and 
hybrid morphology and heterosis, as well as, to each other. A conclusion chapter is included at 
the end. Following the conclusion chapter are various appendices. 
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Table 1. Top ten states in alfalfa hectarage: 2002 and 1992 hectarage; 2002 and 1992 
percentage of total United States Alfalfa hectarage; and average annual yield from 
1993-2002 (USDA, 2002). 
Top Ten Top Ten % of2002 % of 1992 Average 
Rank State Hectarage Hectarage US Alfalfa US Alfalfa Annual Yield 
States 2002 States 1992 Hectarage Hectarage 1993-2002 
ha '/'y —— - jVlg lia -
1 South Dakota 1,174,500 891,000 12.0% 9.1% 5.0 
2 Montana 688,500 526,500 7.0% 5.4% 5.0 
3 Minnesota 648,000 607,500 6.6% 6.2% 7.7 
4 Wisconsin 648,000 931,500 6.6% 9.6% 5.9 
5 North Dakota 587,250 526,500 6.0% 5.4% 4.3 
6 Nebraska 587,250 607,500 6.0% 6.2% 7.7 
7 Iowa 506,250 627,750 5.2% 6.4% 8.0 
8 Idaho 506,250 368,550 5.2% 3.8% 9.1 
9 California 469,800 388,800 4.8% 4.0% 15.6 
10 Kansas 405,000 344,250 4.1% 3.5% 9.2 
United States 9,774,270 9,748,350 f2.5% f2.5% 7.5 
f Percentage of total United States agricultural hectarage planted in alfalfa. 
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Table 2. Yearly changes in alfalfa yield during three periods in from 1919-2002 for the 
United States and, the npper Midwest and northern Great plains, based on on-farm 
data (USDA, 2002). 
Slope Change in Yearly Alfalfa Forage Yield 
Region 1919-1955 1955-1982 1982-2002 
—— — Mg ha yr 
United States 0.005 0.097 0.018 
0.015 0.084 -0.006 Upper Midwest and Northern Great Plains j" 
t Iowa, Minnesota, Montana, Nebraska, North Dakota, South Dakota, and Wisconsin 
12 
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Figure 1. USDA on-farm alfalfa yield (Mg/ha) from 1919-2002 for: United States, Upper Midwest/Great Plains, and 
Iowa (USDA, 2002). 
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Figure 2. Major North American cultivated alfalfa germplasms types. 
Introgresslon of 
New Sativa 
Germplasm 
Semi-Hybrid 
Reciprocal Recurrent 
Selection 
Sativa 
Population Selection 
; 
Selection 
Introgresslon of 
New Falcata 
Germplasm 
Falcata 
Population 
Cross Selected 
Plants 
; 
Evaluation 
Progeny 
Test 
Cross Selected 
Plants 
Evaluation 
Synl Syn2 Syn2 Synl 
Semi-Hybrid 
1/2 hybrid 1/2 Syn3 
Figure 3. Semi-hybrid breeding system based on Brummer (1999). 
15 
CHAPTER 2: HETEROSIS OF A BROAD RANGE OF ALFALFA 
GERMPLASM 
A paper to be submitted to Crop .Science 
Heathcliffe Riday and E. Charles Brummer 
ABSTRACT 
Crosses between Medicago wzfiva subsp. joffwz and subsp. yô/ca&z produce progeny 
exhibiting heterosis for biomass yield. The purpose of this study was to determine which 
subsp. falcata germplasm produced the best hybrids in testcrosses with elite subsp. sativa 
material. Over one hundred falcata genotypes from 40 populations were test crossed to four 
elite sativa populations. Testcross progeny and parental clones were grown for two years in 
two locations and harvested three times per year to determine biomass yield. A broad range 
of testcross performance was observed, with mean heterosis values approximately zero. The 
highest yielding sativa-falcata hybrids derived from European falcata germplasm. American 
semi-improved falcata germplasm performed well in hybrid testcrosses. Pre-selection of 
parental falcata genotypes for autumn growth was associated with higher yielding testcross 
progeny. The most heterosis was seen during first harvest, with a higher incidence of 
negative heterosis observed during second and, to a smaller extent, third harvest. Superior 
sativa-falcata hybrids were observed that showed good biomass yield and heterosis during all 
three harvests. Parental yield was least predictive of hybrid progeny yield during 6rst 
harvest (heritability = 0.17). Heritabilites increased somewhat during second and third 
harvest to 0.34 and 0.32, respectively. These values strongly suggest that falcata genotypes 
need to be progeny tested in order to achieve yield improvement through selection. 
INTRODUCTION 
Alfalfa represents about 2.5% of the total agricultural hectarage and 6 billion dollars 
of annual production in the United States (USDA, 2003). Primary traits of interest in alfalfa 
are yield nutritive value, disease resistance, persistence, and winter hardiness. Current alfalfa 
breeding methods are almost exclusively based on recurrent phenotypic selection, which 
involves intercrossing selected parents to produce synthetic varieties (Hill et al., 1988). 
Hybrid or semi-hybrid cultivars could be used to express hybrid vigor in farmer's fields 
(Brummer, 1999). Effective implementation of any hybrid breeding system requires the 
improvement of at least two independent and complementary populations, which combine well 
to produce heterosis. Medicago sativa subsp. falcata (hereafter "falcata") has been identified as 
a subspecies that shows heterosis in crosses with elite Ma&cago subsp. azfmz (hereafter 
"sativa") breeding material (Riday and Brummer, 2002ab; Riday et al., 2002). Few improved 
falcata breeding populations exist, making the implementation of a sativa-falcata semi-hybrid 
breeding system for cultivar development difficult at this time. Thus, a program to select 
improved falcata populations appears to have merit. Unfortunately, little is known about which 
falcata germplasm shows the best heterosis with elite sativa breeding material and could serve as 
the basis of a falcata population improvement program. 
Falcata is yellow flowered and, compared to sativa, tends to be more winterhardy, to 
have more prostrate growth, to regrow slower, and to yield less in the late summer and early 
autumn (Lesins and Lesins, 1979; Riday and Brummer, 2002b). Geographically, falcata is 
distributed in the colder areas of Russia, Mongolia, Scandinavia and China, while sativa 
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grows naturally in the Middle East, Southern Europe and Northern Africa (Hansen, 1907; 
Lesins and Lesins, 1979). Wild falcata and sativa germplasm overlap in some European 
regions and in Central Asia, where their natural hybrid, M aafzva subsp. varia, is found 
(Hansen, 1907; Lesins and Lesins, 1979). Both tetraploid (2n = 4x = 32) and diploid (2n = 
2x = 16) populations of all subspecies are found (diploid sativa is denoted M. subsp. 
coerw/eo), with the diploids presumed to be older than the tetraploids (Lesins and Lesins, 
1979). Tetraploids probably formed via unreduced gametes, which is not an uncommon 
occurrence (Quiros and Bauchan, 1988). Currently there are 470 falcata accessions listed in 
the USDA National Plant Germplasm System's Germplasm Resource Information Network 
(GRIN, 2003). In addition to GRIN accessions, various germplasm centers throughout the 
world, as well as a few semi-improved North American populations, have been collected. 
We hypothesize (i) that all falcata germplasm does not express heterosis with elite 
sativa germplasm equally well but (ii) that some combination of eco-geographic, molecular 
genetic, and'or morphological characteristics of falcata germplasm are predictive of superior 
sativa-falcata hybrids. 
The primary objective of this study was to evaluate falcata genotypes from a broad 
range of wild and semi-improved populations for performance per se and in testcrosses with 
elite sativa tester genotypes. Our goal was to characterize the distribution of sativa-falcata 
hybrids for biomass yield heterosis on a whole year and on a harvest basis to guide the 
development of improved falcata populations 
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MATERIALS AND METHODS 
Plant Materiab 
A total of 125 genotypes was used as parents in this experiment (Table 1, Fig. 1). 
Sixteen were elite sativa genotypes from four populations, designated as testers: five Pioneer 
Hi-bred International genotypes (Des Moines, IA), three elite genotypes from Forage Genetics 
(West Salem, WI), three elite genotypes derived from Hungarian germplasm also from Forage 
Genetics, and five 'Innovator +Z' genotypes derived from one generation of inbreeding. Three 
wild sativa genotypes from different populations were also included. The remaining 106 
genotypes were falcata, derived from 37 wild or semi-improved populations from throughout 
the native range of falcata. In several populations, genotypes were chosen by visually selecting 
vigorous plants during the autumn of 1999 growing in a space planted falcata germplasm 
evaluation trial at Ames, IA (Brummer et al., 1997). The trial was in its second year post-
establishment and had been harvested twice during 1999. At the time of selection, most plants 
were dormant with minimal regrowth so our selections were those with less dormancy than the 
overall populations. In a number of populations variegated genotypes were observed, 
suggesting some type of sativa-falcata introgression or subsp. varia, even though the population 
was listed as falcata and in one case sativa (Table 1). Unless, specifically noted otherwise 
genotypes from variegated populations were designated as falcata genotypes. 
All 125 genotypes were testcmssed to the four tester populations in the greenhouse 
during the autumn/winter 1999 to 2000 for a total of 500 cross entries. Of these 500 entries, 76 
were sativa by tester and 424 were falcata by tester. Florets were not emasculated. Sel& 
fertilization was a concern, however, due to self-incompatibility most seed produced was 
expected to be cross-pollinated. To further reduce the risk of self-fertilization and with in 
subspecies crosses single plant-to-plant crosses were made between test genotypes and 
individual plants in the tester populations. Usually the tester was used as the female, due to 
increased seed production. In cases of test genotype male sterility or low pollen production the 
test genotype was used as the female. For most testcross entries based on flower color no self-
fertilization was observed, among a few entries self-fertilization was observed up to -10% of 
the entries. Among entries with limited self-fertilization it was always do to a very 'weak' test 
genotype being used, and despite the occasional self-fertilized individual in the field plot these 
plots always performed at the bottom in terms of biomass yield. For field measurements 
obvious self-fertilized individuals were avoided when possible. 
In Spring 2000, seed from the 500 cross entries; the three wild sativa and 37 wild/semi-
improved falcata populations from which the genotypes used for crossing were derived; and two 
check cultivars (Vernal and 5454) were planted in the greenhouse. Stem cuttings of the 125 
parental genotypes were made at the same time. A total of 667 entries was included in this 
experiment (500 crosses, 125 parental clones, 40 populations, and 2 checks). 
Experimental Design 
Seedlings and cuttings were hand transplanted at the Agronomy and Agricultural 
Engineering Research Farm west of Ames, IA in a Nicollet loam soil (fine-loamy, mixed, 
superactive, mesic Aquic Hapludolls) on 1 Aug 2000 and at the Northeast Research Farm 
south of Nashua, IA in a Readlyn loam (fine-loamy, mixed, mesic Aquic Hapludolls) on 8 
Aug 2000. At each location, the field experiment was arranged in an augmented plot design 
consisting of 20 incomplete blocks of 40 plots each, for a total of 800 plots. All 665 entries 
were present once, except for 55 randomly selected entries that were replicated twice. These 
720 entries were thai distributed among the incomplete blocks. In addition, each incomplete 
block contained the two check cultivais and was completed by the addition of replications of 
two or three entries not already present in that incomplete block. Each plot consisted of sixteen 
plants that were planted in a two by eight plant grid, with plants separated by 30 cm within a 
plot and plots separated by 75 cm on all sides. 
Harvests for biomass yield were taken on 3 June 2001, 24 July 2001, 11 Sep 2001, 30 
May 2002,13 July 2002, and 30 Aug 2002 in Ames and on 10 June 2001,18 July 2001,30 Aug 
2001,13 June 2002,18 July 2002, and 12 Sep 2002 in Nashua. Plant counts were taken on each 
plot concurrent with every harvest. Whole plots were harvested and weighed wet using a flail 
harvester during each harvest. At each harvest-location combination, several subsamples were 
taken from throughout the experiment, but not on each individual plot, weighed wet, dried for 5 
days at 60°C, and then weighed dry to determine an average dry matter percentage for the 
combination. Plot wet weights were adjusted for plant counts and average dry matter 
percentage to determine biomass yield on a per plant dry matter basis. 
Data Analysis 
Entry and Class Mean and Variance Analysis 
Analyses were conducted on dry matter yield at each individual harvest and on total 
yearly dry matter yield. Entry least squares means (LSmeans) on a location by year by 
harvest basis were calculated by adjusting plot values for incomplete blocks using the 
MIXED procedure of the SAS statistical software package (Littell et al., 1996). 
Homogeneous variances were assumed among different entries. 
The 500 cross entry means and 125 clonal entry means on a location by year by 
harvest basis were combined into a data set for further analysis. Total yearly biomass yield 
was combined into a data set on a location by year basis. The entries were grouped into four 
classes: the 500 cross entries were categorized as being either sativa x sativa crosses (SSC = 
76 entries) or sativa x falcata crosses (SFC = 424 entries); and the 125 clonal entries were 
categorized as being either sativa clonal (SC = 19 entries) or falcata clonal (FC = 106 
entries). For experiment wide mean and yearly mean analysis on a total yearly or individual 
harvest basis, entries, years, and harvests were considered fixed effects and locations were 
considered random. For location mean analysis on a total yearly or individual harvest basis, 
a completely fixed model was used. 
Environment (i.e., location, year, location x year, and harvest) by entry variances for 
each category (i.e., SSC, SFC, SC, FC) on a total yearly and individual harvest basis were 
calculated with environmental variables being fixed and entries being random. Environment 
by entry variances were compared among entry class using a test of equality of two variances 
(Snedecor and Cochran, 1967). 
Because no differences were found among the four testers in crosses with the 125 
genotypes and no tester by environment interaction was noted (data not shown), the 500 
cross entries were reduced to 125 by calculating a single genotype by 'average tester' 
progeny halfsib value. For each of the four tester populations (i.e., Pioneer Hi-bred, Forage 
Genetics, Hungarian, 'Innovator +Z') the population mean was estimated as the average of 
the within population genotypes (Table 1) testcrossed to the whole population. The four 
tester population means were averaged to estimate the 'average tester' mean. 
Heterosis Analysis 
The 125 clonal means, the 125 genotype x tester halfsib progeny means, and the 
'average tester' mean were used to calculate all heterosis measures. Heterosis measures were 
calculated on a total yearly and individual harvest yield basis. 
Midparent heterosis was calculated as the deviation of a genotype's testcross progeny 
performance from the average of the genotype's clonal and the tester's performance (i.e., the 
"midparent" value). High-parent heterosis was calculated as the deviation of a genotype's 
testcross performance from the higher of the genotype's clonal or the tester's performance. 
Because both of these heterosis measures were dependent on parental performance, we also 
calculated a third heterosis measure as the residual values from the regression of progeny 
yield on midparent yield. The midparent-offspring regression residuals for each of the 125 
genotypes tested were calculated for each of the four testers for each year by location 
combination on a yearly total and individual harvest biomass yield basis. For heterosis 
analyses, entries, years, females, and harvests were considered fixed effects and location 
effects were considered random. 
Heritability Estimates 
Average narrow sense heritability was calculated as the mean of heritability estimates 
computed on populations from which two or more genotypes had been sampled. A testcross 
variance among halfsib families (ojj, = +X@Gg) was estimated (Levings and Dudley, 
1963), with test genotypes nested within fixed populations. Fixed tester and tester by 
population effects were also added to the model. Due to unequal sampling within 
populations, the variance was estimated directly using PROC MDŒD. A variance among 
parental clones (o, = 0^+0^+0^ + 0^) was estimated by adjusting for fixed populations 
using PROC MIXED. Additionally, a parent-offspring regression covariance 
(o,x, =%o^ +%Og) was estimated (Levings and Dudley, 1963). Parental clonal means were 
regressed onto average testcross progeny means and the slope of the regression was 
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estimated by adjusting for fixed populations using PROC MIXED. The slope was multiplied 
by the estimate of to obtain . Based on the two variances and covariance, 0^,0^, 
and Cy+p were estimated. Heritability (&^) was calculated as additive over total genetic 
variance. All estimates were done assuming no epistatic variance, no double reduction, 
random mating equilibrium within populations, and linkage equilibrium. In cases where 
was negative, the variance was assumed to be zero and the average of 4o^.and 20^ was 
used as the o* estimate (Dudley et al., 1969). 
Population Mean Comparisons 
PROC MIXED was used to calculate population mean testcross biomass yield and 
biomass yield heterosis on a total yearly and harvest basis using experiment wide genotypic 
testcross and heterosis values. Due to unequal sampling from within populations, 
approximate least significant differences were estimated by averaging all pairwise standard 
error values generated from the DIFF option of the LSMEANS statement of PROC MIXED 
and multiplying this value by the appropriate t-value. 
RESULTS AND DISCUSSION 
Class Mean Comparisons 
Experiment wide comparisons for total yearly biomass yield showed that FC were 
smaller than SSC, SFC, and SC, which were similar (Table 2). Similar patterns were observed 
across locations during 2001 and 2002, as well as across years at Ames and Nashua. An 
exception was noted during 2001, when SFC outyielded SC (Table 2). Our earlier experiment, 
which considered a restricted set of generally desirable falcata genotypes, had shown that SFC 
performance was similar or superior to SSC and both were better than falcata x falcata crosses 
(Riday and Brummer, 2002a). 
The relationship among classes was more variable on an individual harvest basis. At 
first harvest, SFC produced more biomass yield than any other class, SSC and SC were 
intermediate, and the FC produced poorly (Table 2). Second harvest biomass yield was greater 
for SSC and SC than SFC, but all were still superior to FC. Sativa clonal, SSC, SFC biomass 
yields were similar to each other and all were greater than FC during third harvest Riday and 
Brummer (2002a) observed a similar pattern of superior SFC compared to SSC performance 
during the first harvest, but a reversal in second harvest. 
These results confirm the sativa-falcata heterotic pattern that we have proposed 
previously (Brummer, 1999; Riday and Brummer, 2002a). Under an additive genetic model, no 
heterosis would be expressed and SFC should fall midway between the SC and FC class means. 
A major focus of this experiment was to examine a variety of falcata germplasm to determine 
which would be most useful in predicting high yielding sativa-falcata hybrids. 
Sativa by falcata crosses had greater total yearly biomass yield variance, as well as greater 
individual harvest variance, during each harvest, than SSC (Table 3). For total yearly yield a 
noticeable proportion of the SFC distribution extends beyond the SSC distribution, suggesting a 
number of SFC outyielding the best SSC (Fig. 2). During first harvest biomass yield 
distributions show a large proportion of SFC outperforming the best SSC (Fig. 2), 
demonstrating the yield advantage of SFC compared to SSC during the Erst harvest in the 
springtime. For the second harvest, the opposite pattern is observed, with a noticeable 
proportion of SSC outperforming the best SFC (Fig. 2). Some SFC are yielding at the same 
levels as the best SSC during the second harvest, indicating the existence of falcata germplasm, 
which produces SFC yields that match the best SSC. Both SSC and SFC have similar third 
harvest biomass yield on the upper end of their distributions (Fig. 2), but a noticeable proportion 
of SFC underperfbnn the worst SSC during the second and third harvest (Fig. 2). Clearly, there 
exists falcata germplasm, which shows no hetemtic advantage in crosses with elite sativa 
germplasm and in some cases presents a clear disadvantage. 
Environmental Interaction 
We observed entry by environment interactions for the three environmental factors of 
location, years, and harvests. Many of the entry by location interactions were due to rank 
changes between locations, but interactions with harvest and year were primarily magnitude 
changes (Fig. 3). No rank change interactions of entry class (i.e., SC, FC, SSC, and SFC) with 
location, year, and harvest were observed except for the case of SFC being superior to SSC 
during the first harvest but worse during the second harvest (Table 2). 
Although few class by environment interactions were observed, the presence of rank 
changes of entries across locations, suggests that testing in multiple locations is necessary to 
select for environmentally stable yield. We used a test of equal variance to compare entry by 
environment variances of SSC with SFC and of SC with FC. A subspecies with lower variance 
suggests it has more environmental stability than the other. Because we expected the two clonal 
categories to have greater environmental interaction variances than the two testcross categories, 
due to clones being based on individual genotype means versus testcrosses, which are based on 
halfsib family means, we did not directly compare crosses and clones. 
At all environmental levels, the falcata clones and crosses often had greater interaction variances 
than the two sativa categories (Table 4). No differences were noted between SC and FC entry 
by environment interaction variances for first harvest (Table 4). Entry by location interactions 
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were only observed for third harvest. Comparisons between SSC and SFC entry by 
environment variances were seen for all situations except entry by location interactions for total 
yearly yield and for second harvest. No entry by year interaction differences were noted for 
second harvest either. 
Heterosis 
Heterosis, the converse of inbreeding depression (Falconer and MacKay, 1996), is 
defined as the superior performance of progeny compared to some measure of parental 
performance (Hallauer and Miranda, 1988). The initial intent of this study was to use high 
parent heterosis (the superiority of progeny relative to the best performing parent) because from 
a breeding standpoint, this is the most important type of heterosis. High parent heterosis shows 
an inverse quadratic relationship (R^ = 0.37) with testcross performance (Fig. 4). Falcata 
parents that had performance slightly below tester yields tended to be more likely to produce 
progeny exhibiting high parent heterosis than those either substantially below or above the 
tester. Second, we correlated midparent heterosis with testcross mean yield (Fig. 5). This 
correlation is strongly negative (r2 = 0.57), suggesting that midparent heterosis is strongest when 
one of the parents is very weak; in this case, very poor performing falcata produce high 
heterosis when crosses with elite testers. 
In summary, the heterosis /œrceM&zge would be expected to decline as midparent 
performance increased, simply because the absolute amount of biomass increase in the progeny 
would need to become increasingly large as parental performance improved to keep heterosis at 
the same point. Thus, more interesting to us than the relative heterosis percentages is the 
residual value of progeny performance from the midparent-oSspring yield regression. In other 
words, examining the relationship between progeny performance ae and the midparental 
performance level would be more instructive. Midparent-offspring regression is usually used in 
random mating populations to estimate heritability, where = 2 x slope, with an expectation 
that the slope regresses towards the population mean (i.e., the slope crosses the 1:1 xy-line at the 
population mean) (Galton, 1888). The residual value from the midparent-ofEspring regression is 
the measure of heterosis that we use in the discussion below (Fig. 6). In a sense this measure is 
similar to general and specific combining ability. 
Heritability 
In this study, we calculated narrow sense heritability across all populations based on 
within population genetic variances. The heritability for total yearly biomass yield was 0.31 
(Fig. 6), indicating that parental performance has a limited influence on progeny performance. 
Thus, progeny testing potential parental genotypes prior to selection is necessary. The 
heritability for first harvest yield is the lowest of the three harvests (0.17), but second (0.34) and 
third (0.32) harvests are somewhat better. First harvest biomass yield accounts for 41% of the 
biomass yield, yet parental performance during the first harvest has almost no predictive value 
of testcross performance. Therefore, selection based on parental performance should be 
conducted during second and third harvests although this would still not be a strong predictor of 
hybrid performance. 
Remarkably few studies have estimated broad or narrow based heritabilities for biomass 
yield in alfalfa. Two studies have estimated narrow senses heritability of total yearly biomass 
yield using parent-offspring regression and polycross families. These estimates are 0.37 for 
'Cherokee' (Dudley et al., 1969) and 0.30 for 'Ranger' (Kehr and Gardner, 1960) and compare 
favorably to the heritability estimates we calculated from the parent-offspring regression, 
despite the fact that we did not use a single population for our estimate. Like Dudley et al. 
(1969), we observed negative estimates because 4o^ > 2o^. To our knowledge, there 
have been no previous studies to examine the heritability of biomass yield at different harvests 
during the year. 
Progeny Biomass and Heterosis Comparisons 
Because progeny testing is difBcult and resource intensive, we wanted to determine if 
certain falcata germplasm had a higher incidence of producing superior sativa-falcata hybrids. 
Although the NPGS has 470 falcata accessions hsted in GRIN, many of the accessions or 
populations contain varying proportions of genotypes with flower colors ranging from cream or 
greenish-yellow types to blues, browns, and dark greens, suggesting they should be reclassified 
as M. sativa subsp. varia (or in some cases, subsp. sativa). We chose a number of such 
populations for the current study, although we preferentially selected genotypes with yellow or 
near yellow flowers from these sources. If the sativa-falcata heterotic pattern were predicated 
on underlying genetic distinctions between the falcata and sativa subspecies, then varia 
populations, representing natural hybrids between sativa and falcata, should show less heterosis. 
Unexpectedly, the sativa-varia crosses (SVC) had higher total yearly yield than either SSC or 
SFC (in this analysis, varia population genotypes were not included in the SFC mean). During 
first harvest, SVC and SFC produced equivalent yield, and both exceeded the SSC. The SVC 
were intermediate to SSC and SFC during second harvest but were equivalent to SSC and 
greater than SFC during the third harvest. In terms of heterosis based on the residual of 
midparent-offspring regression), SVC and SFC were equivalent for total yearly heterosis and 
first harvest heterosis and SVC and SSC were equivalent for the later two harvests (Table 5). 
The SVC were the only cross group that had consistently positive heterosis throughout the year. 
About half of genotypes we selected from varia populations had variegated flowers, 
while the other half had yellow flowers and, therefore, were indistinguishable from falcata. We 
compared variegated genotypes to yellow flowered genotypes for populations that had both 
types of genotypes. No differences were detected between flower color types for biomass yield 
or for biomass yield heterosis during any harvest (Table 5). 
However, most of the varia populations were also improved populations, so the superior 
varia population performance could be the result of human selection. Improved populations, 
including both varia and falcata, had superior total yearly yield and third harvest yield and 
heterosis compared to wild populations (Table 5). Improved germplasm appears to have better 
autumn performance in crosses with sativa than does wild germplasm. The superior 
performance of the improved germplasm mirrors the varia population performance se. 
To isolate a possible varia effect we compared varia and falcata performance from 
genotypes taken only from wild germplasm populations. In this comparison, the varia 
populations had superior biomass yield performance for total yearly yield and second and third 
harvests (Table 5), but no differences were seen for heterosis (possibly due to small sample 
sizes). This latter comparison would seem to suggest that although varia germplasm offers no 
heterotic advantage, they offer superior yield for all harvests except the first. 
Visual observations in the field led us to suspect that European falcata or varia 
germplasm was more robust and created superior hybrids in crosses with sativa than did Asian 
germplasm. We contrasted all wild falcata and varia populations west of 60 E longitude against 
all wild falcata and varia populations east of this longitude. Across harvests and for the year 
total for both biomass yield and biomass yield heterosis, western germplasm was clearly 
superior to eastern germplasm (Table 5). Although this sounds vaguely imperialistic, we 
suspect that it merely indicates that the western germplasm is the better adapted to the Iowa 
environment. A comparison of wild falcata populations with wild varia populations from the 
western region reveals that for total yearly yield, falcata and varia germplasm are equivalent, 
although in terms of biomass heterosis falcata germplasm has a strong advantage (Table 5). 
During the first harvests, wild western SFC not only has superior heterosis but superior biomass 
yield compared to wild western SVC. Second harvest biomass yield and heterosis were 
equivalent for SFC and SVC. During the third harvest in autumn, the SVC outyield SFC, but 
both class have equivalent heterosis levels. 
For several populations, we were interested in comparing randomly chosen versus 
visually selected genotypes. Selection was done in the field during the autumn of the second 
post establishment year and visually selecting the most vigorous two to three individuals from 
within in the given population. In addition to the selected individuals, a number of randomly 
chosen genotypes from these same populations were included in this study. The testcross 
performance of the selected genotypes were superior in all aspects of biomass yield and yield 
heterosis to their unselected counterparts. Of all various subgroupings of the 125 genotypes we 
constructed, the selected individuals had the highest progeny mean testcross yields (Table 5). 
The selected individuals also had among the highest testcross biomass yields for first and third 
harvest, even superior to SSC. During second harvest, the selected genotypes had testcross 
yields equivalent to the SSC, when on average falcata testcross performance is clearly inferior to 
SSC. The selected group had the highest levels of heterosis among any subgroup for total 
yearly yield heterosis and yield heterosis during each harvest. In terms of heterosis, the only 
comparable grouping that was in the selected individuals range was the western Eurasian 
classification. Unlike any other grouping, the progeny of the selected individuals exhibited 
good heterosis during the third harvests (Table 5). 
Biomass Yield and Heterosis Variance Proportions 
Because we had included multiple genotypes from some populations, we partitioned 
total genotypic variation into components for population and for genotypes within populations. 
This partitioning is tentative, given that we only sampled one to five genotypes per population. 
Population classification accounts for 45% of the testcross variation for total yearly yield and 
first and third harvest yield and 29% for die second harvest. Population partitioning accounts 
for a lower proportion of the biomass heterosis variation, ranging from 29% to 43%, with the 
lowest value again at second harvest (Table 6). 
Examining only genotypes from wild falcata and varia populations, we partitioned the 
biomass yield and yield heterosis variation among genotypes, populations, and east-west Eurasia 
classification (Table 6). For biomass yield, the variation among genotypes ranged from 41% to 
49% with the remaining variation being split between populations and east-west classification. 
During second harvest population classification accounted for only 8% of the total biomass 
yield variation. Biomass yield heterosis had a higher proportion of the total variation accounted 
for by genotypes (range 51% to 65%) than was the case for biomass yield variation. The 
remaining heterosis variation was divided about equally between population and east-west 
classification, the obvious exception was the second harvest, in which population classification 
accounted for only 5% of the biomass yield heterosis variation. 
Population Mean Biomass Yield and Biomass Yield Heterosis 
Since population classification of genotypes accounted for a large proportion of both 
total biomass yield and biomass yield heterosis variation, we calculated population mean 
testcross yields (Table 7). Populations that had testcross yields equal to or above 237 g plant"\ 
the value of the highest yielding SSC population (Pioneer Hi-bred), include PI631796,5291/88, 
PI631857, PI 494661, PI502453, and SD-201. Some of these population means are based on 
only one genotype sampled; however, four of the six are based on sample sizes of four to five 
genotypes. Especially visually impressive populations were PI631796 and PI494661; although 
the parental genotypes looked diminutive and not worth much, their sativa testcross progeny 
combined the robust growth form of the sativa parent with the extreme vegetative density and 
creeping rooted features of the falcata parentage to create impressive hybrids. Other populations 
such as PI631857 and WISFAL had growth forms approaching sativa and when testcrossed to 
sativa produced strong hybrids with very "sativa like" growth forms. This study and previous 
studies (Riday and Brummer, 2002ab) have demonstrated the strength of sativa-falcata hybrids 
during the first harvest. In this study, we demonstrate that numerous populations exist that have 
competitive second and third harvest yields (Table 7). Looking at heterosis values, it is readily 
apparent that many populations have negative heterosis values and perform poorly in sativa-
falcata hybrids. 
Based on the results from this study, we conclude that the best falcata germplasm for use 
in sativa-falcata hybrids comes from eastern Eurasian populations and "improved" germplasm 
sources already available. Pure falcata populations—i.e., those without genotypes having 
variegated flowers—have higher levels of heterosis during the first harvest, but their 
productivity, both ae and in sativa testcrosses diminishes throughout the year. Simple visual 
selection for superior late season growth greatly improves the ability of falcata or varia 
populations to complement sativa and produce highly heterotic progeny. 
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Table 1. Origin and number of genotypes selected from 44 populations used in this study. 
Population Originf No. $ Population Origin! No. $ 
Wild Germplasm 
1. PI 631591 9°38', 47° 15' 2 15. PI 631608 84°00', 29°00' 3 
2. PI25I836§ 11 ° 19', 44° 10' 1 16. PI 631612 84°00', 29°00' 3 
3. PI 631579] 13°29', 45=52' 3 17. PI 631601 84°38', 44°09' 4 
4. PI 25345 If I6°38', 46°22' I 18. PI 538993# 85°53', 50°50' 3 
5. PI 631796 16°38', 49° 12' 5 19. PI 577561 85°59', 52°00' 4 
6. 5291/88 (Inst. Agrobotany Hng.) 17°52', 47° 12' 1 20. PI 499661/4# 88°31', 44°05' 2 
7. 5299/88| (Inst. Agrobotany Hng.) 17°55', 47° 13' 1 21. PI 631645 102°34', 47°23' 5 
8. PI 631857 18°37', 57° 17' 4 22. PI 631639 112°00', 47°30' 3 
9. PI 4946611# 23°25', 46°55' 5 23. PI 499548 116°02', 43°58' 1 
10. PI 494658§ 26°54', 46°34' 1 24. W6 16608 1I8°06', 48°00' 1 
11. PI 502441# 43°53',46°11' 5 25. PI 631806# (Nortli Russia) 4 
12. PI 384890§ 55°01', 36°25' 1 26. PI 573175# (China) 3 
13. PI 538985# 56° 19', 50°50' 5 27. PI 631811 (South Kazakhstan Pro.) 1» 
14. PI 4405391 76°57', 43° 15' 1 
"Improved" Germplasm 
28. PI 6316201 (Yarkendy Type) 77°00', 34°00' 2 31. PI 502453# (Pavlovskaya) (Russia) 4 
29. PI 631597# (Krasnokutskaia) 45°55', 51°30' 5 32. PI 6317971 (Russia) 3 
30. PI 6315961 (Altaijskaia Zioltaia) 91°48', 53°27' 2 33. PI 6317991 (Latvia) 2 
Status Unknown Germplasm 
34.PI 2142181 (Denmark) 1 35. PI 3140921# (South Russia) 4 
American Germolasm 
36. IA-3018# (Iowa State Unv.) (Iowa) 5 39. WISFAL# (PI 560333) (Wisconsin) 5 
37. Lodgelandf (South Dakota St. Unv.) (South Dakota) 2 40. PI 4680151 -I07°48', 51°25', 1 
38. SD 201 (South Dakota St. Unv.) (South Dakota) 1# 
Elite Sativa Germplasm 
41. Pioneer Hi-Bred (Upper Midwest) 5 43. Hungarian (Forage Genetics) (Hungary) 3 
42. Forage Genetics (Upper Midwest) 3 44. ABI Alfalfa (Innovator +Z, Imbrd.) (Upper Midwest) 5 
t Longitude, Latitude 
% Number of genotypes per population selected. 
§ Wild sativa population. 
% Populations contains some genotypes with variegated flowers. 
# Populations from which genotypes were visually and randomly selected. 
tf P1499661 and PI499664 (one genotype from each population [PI499664 is listed as a sativa population in GRIN, however all genotypes in the 
population are yellow flowered, we assume a classification error was made and treat the genotypes as if from the same population]). 
Colchicine doubled (2x—»4x ploidy). 
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Table 2. Biomass yield means comparisons for sativa x sativa crosses (SSC), sativa x 
falcate crosses (SFC), sativa clones (SC), and falcate clones (FC) on an experiment 
wide, yearly, location, and harvest mean basis. 
Experiment Year Location Harvests 
Entry Type ^ide 
2001 2002 Ames Nashua First Second Third 
g plant"1 
Sativa x Sativa 219a 157ab 280a 229a 210a 90b 75a 55a 
Sativa x Falcata 219a 160a 279a 223a 215a 97a 70b 52a 
Sativa Clones 213a 138bc 289a 214a 212a 88b 76a 50a 
Falcata Clones 166b 119c 214b 184b 149b 70c 56c 40b 
Indicated differences significant at the 0.05 level 
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Table 3. Testcross entry variance for total 
yearly yield and first, second, and third 
harvest yield, and variance comparisons 
between subspecies (Le., SSC and SFC). 
Testcrosses 
Entry Variance 
Sativa Falcata 
„ 2  
°Entry 
Total Yearly Yield 502 937** 
First Harvest Yield 115 178* 
Second Harvest Yield 98 153* 
Third Harvest Yield 42 97*** 
*, **, *** significant at the 0.05, 0.01, and 0.001 
probability level. 
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Table 4. Entry category by year, location, year x location, and harvest interaction 
variance comparisons between sativa x sativa cross (SSC) and sativa x falcate cross 
(SFC) entries and between sativa clonal (SC) and falcate clonal (FC) entries for 
biomass yield means on a experiment wide and harvest mean basis. 
Entry Interaction Experiment Wide First Second Third 
Variance Sativa Falcata Sativa Falcata Sativa Falcata Sativa Falcata 
g plant"' 
Clones 
n-2 
EntryxYear 675 1933* 349 746™ 92 224* 36 218*** 
rr2 u EntryxLocation 967 824™ 267 255™ 121 247™ 53 138* 
2 
^EntryxYearxLocation 1685 1586™ 951 664™ 101 417** 92 189™ 
r r 2  EntryxHarvest 120 172™ 
Crosses 
2  
^EntryxYear 262 485* 93 159** 62 88™ 23 38** 
2  
®EntryxLoca tion 449 648™ 87 170*** 99 117™ 36 56* 
2  
^EntryxYearxLocation 371 663** 132 238** 82 131* 36 63** 
2  
^EntryxHarvest 39 57** 
*, **, *** significant at the 0.05, 0.01, and 0.001 probability level 
NS not significant 
Table S. Testcross mean comparisons of test genotypes differentiated by source for 
yearly and harvest biomass yield and heterosis: (i) sativa, varia, vs. falcata 
populations; (ii) within varia populations variegated vs. yellow flower color genotypes; 
(ill) "improved" vs. wild populations; (iv) wild varia vs. wild falcata populations; (v) 
European vs. Asian populations; (vi) European varia vs. European falcata populations; 
and (vii) within populations selected vs. random genotypes. 
Testcross Biomass Yield Testcross Biomass Yield Heterosis 
Testcross Grouping # of Yearly Harvest Yearly Harvest 
Gen. Total F 2s3 3rd Total T3 
i g 
Sativa Populations 19 219b 90b 75a 55a -7.0b -7.4b 0.7a 0.2a 
Varia Populations 36 223a 97a 72b 54a 0.8a 0.5a 0.8a 0.2a 
Falcata Populations 70 217b 97a 69c 51b 1.4a 1.7a -0.7b -0.2b 
Variegated Genotypes 23 224a 96a 73a 56a 0.2a -1.0a 1.0a 1.5a 
Yellow Genotypes 13 224a 95a 73a 56a 0.0a -0.9a 0.9a 0.3a 
"Improved" Populations 32 224a 98a 71a 55a 1.4a 1.2a -0.5a 1.6a 
Wild Populations 69 217b 96a 70a 51b 1.2a 1.1a 0.0a -0.7b 
Wild Varia Populations 14 223a 97a 73a 56a 1.1a 1.0a 0.9a 0.3a 
Wild Falcata Populations 55 215b 96a 69b 50b 1.1a 1.5a -0.3a -0.9a 
European Populations 40 229a 100a 74a 55a 9.2a 4.6a 3.3a 1.4a 
Asian Populations 34 204b 91b 65b 47b -8.8b -2.7b -4.0b -3.4b 
European Varia Populations 15 228a 97b 75a 58a 3.7b 0.9b 2.5a 1.2a 
European Falcata Populations 25 229a 102a 74a 54b 12.7a 7.0a 3.8a 1.6a 
Selected Genotypes 20 233a 101a 75a 57a 10.8a 5.0a 3.1a 3.1a 
Unselected Genotypes 27 217b 96b 70b 51b -2.5b 0.7b -1.5b -1.8b 
Significant differences at the 0.05 level. 
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Table 6. Partitioning of total variance on a populations and continent basis for 
total yearly and harvest biomass yield and heterosis. 
Testcross Biomass Yield Testcross Biomass Yield Heterosis 
Population Yearly 
Total 
Harvest 
ind 
Yearly 
Total 
Harvest 
ind 
— proportion • 
All populations 
.2  0.42* 0.45* 0.29* 0.48** 0.32* 0.43* 0.24 NS 0.29* P upuwuun 
cr^ m , \ 0.58*** 0.55*** 0.71*** 0.52*** 0.68*** 0.57*** 0.76*** 0.71*** Genotype(P opulation) 
Wild Falcata and Varia Populations 
0.40™ 0.30™ 0.35™ 0.37™ 
0.15™ 0.24* 0.08™ 0.22* 
0.45*** 0.46*** 0.49*** 0.41*** 0.58*** 0.51*** 0.63*** 0.65*** 
<7, 
East-West 
2 
Population (East - West) 
^*Genotype(East-West x Population) 
0.27™ 0.22™ 0.32™ 0.18™ 
0.15™ 0.27* 0.05™ 0.17™ 
*, **, *** significantly different from zero at the 0.05, 0.01, and 0.001 probability level 
NS not significantly different from zero. 
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Table 7. Population mean total yearly and harvest biomass yield and heterosis. 
Testcross Biomass Yield Testcross Biomass Yield Heterosis 
Population Yearly Harvest Yearly- Harvest 
Total 1st 2 nd 3rd Total 1st 2nd 3rd 
—— o ol partf" ' g pimll 
1. PI 631591 199 88 67 45 -21 -14 -2 -7 
2. PI 251836 201 84 69 48 -18 -12 -3 -4 
3. PI 631579 235 100 76 59 7 3 3 3 
4. PI 253451 230 110 67 53 2 14 -5 -4 
5. PI 631796 244 106 78 60 15 8 5 4 
6. 5291/88 268 110 90 68 26 13 12 5 
7. 5299/88 234 98 75 60 4 2 3 2 
8. PI 631857 247 109 77 62 36 15 9 11 
9. PI 494661 237 98 78 61 12 2 6 4 
10. PI 494658 245 99 83 63 
11. PI 502441 232 103 73 55 17 9 4 2 
12. PI 384890 228 96 68 64 20 2 -1 16 
13. PI 538985 210 97 66 47 -5 2 -4 -4 
14. PI 440539 174 78 55 41 -31 -15 -11 -8 
15. PI 631608 197 90 60 48 -12 -4 -7 -2 
16. PI 631612 178 78 56 44 -25 -15 -9 -4 
17. PI 631601 188 84 62 43 -24 -11 -7 -8 
18. PI 538993 213 97 68 48 -3 2 -1 -4 
19. PI 577561 206 93 66 47 -11 -2 -6 -5 
20. PI 499661/4 208 98 64 46 -8 3 -6 -4 
21. PI 631645 218 97 72 48 8 4 3 -2 
22. PI 631639 210 89 71 50 5 -4 5 3 
23. PI 499548 220 95 72 54 7 1 1 4 
24. W6 16608 190 85 61 44 -16 -7 -8 -5 
25. PI 631806 219 100 73 46 9 6 5 -4 
26. PI 573175 217 101 68 47 -1 7 -3 -5 
27. PI 631811 205 93 62 50 -5 -1 -7 2 
28. PI 631620 208 92 66 49 -14 -5 -3 -4 
29. PI 631597 203 87 66 51 -25 -10 -10 -4 
30. PI 631596 227 99 74 54 5 3 3 0 
31. PI 502453 238 106 76 56 20 10 5 5 
32. PI 631797 202 89 65 48 -20 -7 -7 -6 
33. PI 631799 207 94 65 48 -3 0 -3 -3 
36. IA-3018 221 97 71 53 2 2 1 1 
37. Lodgeland 211 90 71 50 -9 -6 0 -3 
38. SD 201 239 99 77 63 8 1 3 6 
39. WISFAL 236 105 77 54 17 9 7 3 
40. PI 468015 231 103 70 58 16 8 0 8 
41. Pioneer Hi-Bred 237 105 72 60 12 8 0 6 
42. Forage Genetics 234 98 79 57 22 4 10 7 
43. "Hungarian" 224 91 77 56 -5 -7 3 1 
44. ABI Alfalfa 218 87 77 54 -13 -10 0 -1 
LSD 34 14 11 11 33 14 13 10 
Significant differences at the 0.05 level 
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Fig. 1. Geographical distribution of selected populations and their location of origin. [X] 
indicates approximate location of origin. "X" indicates semi-improved population. -X-
indicates a population's improvement status unknown. X* indicates diploid population. 
Fig. 2. Sativa and falcata testcross distributions for total yearly and harvest biomass yield and 
heterosis. 
Fig. 3. Location (Ames and Nashua), year (2001 and 2002), and harvest (1*', 2"^ , and 3^) 
by entry interaction graphs for biomass yield. 
Fig. 4. High-parent heterosis versus testcross mean total yearly biomass yield of sativa and 
falcata testcrosses. Horizontal line represents zero heterosis. Vertical line represents 
'average tester' biomass yield. Fitted line is a quadratic equation with R2 = 0.37. 
Fig. 5. Mid-parent heterosis versus testcross mean total yearly biomass yield of sativa and 
falcata testcrosses. Horizontal line represents zero heterosis. Vertical line represents 
'average tester' biomass yield. Fitted line is a linear equation with r2 = 0.57. 
Fig. 6. Mid-clone/'average tester' yield versus testcross mean total yearly biomass yield of 
sativa and falcata testcrosses. Diagonal line represents 1:1 ratio between axes. Vertical line 
represents 'average tester' biomass yield. The slope of this regression equals ([o2A + 2/6O2D]/ 
o^o) or 'narrow' sense heritability. 
Fig. 1. 
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CHAPTER 3: MORPHOLOGY OF A BROAD RANGE OF ALFALFA 
GERMPLASM 
A paper to be submitted to Crop .Science 
Heathcliffe Riday and E. Charles Drummer 
ABSTRACT 
Semi-hybrid alfalfa cultivars are an exciting possibility for capturing non-additive 
genetic variation. Ma&cago wzfmz subsp. yâfca&z and subsp. azfmz have been shown to form a 
heterotic pattern for biomass yield. The objectives of this study were to examine morphological 
variation in a broad range of falcata germplasm and to determine how falcata morphological 
variation per se is related to the performance of falcata germplasm in hybrid crosses with subsp. 
sativa. Falcata genotypes from 40 populations spanning the subspecies native range were 
selected. Biomass yield, plant width, plant height, growth angle, biomass density, plant 
maturity, and regrowth after cutting were measured three times throughout the growing season. 
In addition weekly plant heights were measured and growth rates were determined with a 
gompertz function. Sativa germplasm was faster regrowing and more erect than falcata. Falcata 
parental genotypes exhibited a full range of phenotypes for plant width, plant height, growth 
angle, density, and maturity. Heterosis was not only observed for biomass yield but also for 
plant width, plant height, and growth angle. Negative heterosis was observed for regrowth in 
sativa-falcata hybrids. Disappointingly, no falcata germplasm was noted that had regrowth and 
fall plant height anywhere near the sativa germplasm tested. The top yielding sativa-falcata 
hybrids were morphologically characterized by increased plant width, plant height, and plant 
density. European germplasm had increased plant height and regrowth in relation to Asian 
material, which may help explain why the European falcatas make better hybrids. Virtually no 
parental morphological traits were associated with biomass heterosis. Based on height growth 
rate data, sativa-falcata hybrids have superior biomass yield to the mid-subspecies mean after a 
couple weeks of growth during first and third harvests. Inferior second harvest biomass yields 
were observed before 30 days after which increasing heterosis was seen. 
INTRODUCTION 
Hybrid breeding methods could possibly increase biomass yield in alfalfa (Brummer, 
1999). Effective implementation of a hybrid breeding system would be optimized by improving 
at least two independent and complementary populations, which combine well to produce 
heterosis. Medicago sativa subsp. falcata (hereafter "falcata") has been identified as a general 
source of germplasm populations that show heterosis in crosses with elite Medicago sativa 
subsp. Mzfzva (hereafter "sativa") breeding material (Riday and Brummer, 2002ab; Riday et al., 
2002). Unfortunately, few improved falcata breeding populations exist, making implementation 
of a sativa-falcata hybrid breeding system useful for cultivar development difficult at this time. 
Geographically, falcata are distributed in the colder areas of Russia, Mongolia, 
Scandinavia and China (Hansen, 1907; Lesins and Lesins, 1979). The slower regrowth, early 
onset of autumn dormancy, and decumbent growth habit of falcata germplasm are 
undesirable traits for an intensive agricultural system (Lesins and Lesins, 1979; Riday and 
Drummer, 2002b). Identifying erect growing falcata germplasm that also shows biomass 
yield heterosis with adapted Midwestern US germplasm would be desirable. 
Determining how growth habit, growth rate, and growth form of falcata genotypes 
translates into sativa-falcata hybrid performance may allow dissection of the sativa-falcata 
heterotic pattern for biomass yield. We have previously identified the divergence of height, 
maturity, and regrowth between falcata and sativa genotypes as being associated with 
specific combining ability for biomass yield (Riday et al., 2003). Sativa-falcata hybrids 
exhibited negative heterosis for the height of regrowth during the midseason and autumn; 
however, at biomass harvest, we observed positive heterosis for height (Riday and Brummer, 
2002b). However, because that experiment used a relatively small set of genotypes, 
evaluating these relationships in a broader set of germplasm would demonstrate the 
universality of the relationships. Based on our previous observations, we hypothesized that 
at given point prior to harvest, sativa-falcata hybrids transitioned from negative height 
heterosis during regrowth to positive height heterosis at harvest. If the transition to positive 
heterosis for height happens much later than 30 days after harvest, then sativa-falcata hybrids 
would be at a disadvantage under an intensive cutting regime. 
Further, our visual observations, quantified with a vegetative density score, suggested 
that sativa-falcata hybrids show a heterotic advantage for vegetative density (Riday and 
Brummer, 2002a). Actual vegetative density measurements, as opposed to a score, may 
allow more accurate quantification of this trait, enabling a robust determination of its 
importance for biomass yield and yield heterosis. 
Currently there are 470 falcata accessions listed in the National Plant Germplasm 
System's AWicago collection (GRIN, 2002). Based on a broad sampling of this germplasm, 
Riday (2003) determined that the best performing sativa-falcata hybrids are derived from 
western Eurasian falcata genotypes testcrossed to elite sativa germplasm. 
The objective of this study was to assess the morphological performance of these 
western Eurasian genotypes ae and in testcrosses with elite sativa germplasm to identify 
agronomie strengths and weaknesses for future selection objectives. We further wanted to 
determine, for falcata germplasm as a whole, how many days after harvest plant height 
heterosis transitions from being negative to positive. 
MATERIALS AND METHODS 
Plant Materials 
A total of 125 genotypes was used as parents in this experiment (Table 1, Fig. 1). 
Sixteen were elite sativa genotypes from four populations, designated as testers: five Pioneer 
Hi-bred International genotypes (Des Moines, LA), three elite genotypes from Forage Genetics 
(West Salem, WI), three elite genotypes derived from Hungarian germplasm also from Forage 
Genetics, and five 'Innovator +Z' genotypes derived from one generation of inbreeding. Three 
wild sativa genotypes from different populations were also included. The remaining 106 
genotypes were falcata, derived from 37 wild or semi-improved populations from throughout 
the native range of falcata. In several populations, genotypes were chosen by visually selecting 
vigorous plants during the autumn of 1999 growing in a space planted falcata germplasm 
evaluation trial at Ames, IA (Brummer et ai, 1997). The trial was in its second year post-
establishment and had been harvested twice during 1999. At the time of selection, most plants 
were dormant with minimal regrowth so our selections were those with less dormancy than the 
overall populations. In a number of populations variegated genotypes were observed, 
suggesting some type of sativa-falcata introgression or subsp. varzo, even though the population 
was listed as falcata and in one case sativa (Table 1). Unless, specifically noted otherwise 
genotypes from variegated populations were designated as falcata genotypes. 
All 125 genotypes were testcrossed to the four tester populations in the greenhouse 
during the autumn/winter 1999 to 2000 for a total of 500 cross entries. Of these 500 entries, 76 
were sativa by tester and 424 were falcata by tester. Florets were not emasculated. Self-
fertilization was a concern, however, due to self-incompatibility most seed produced was 
expected to be cross-pollinated. To further reduce the risk of self-fertilization and with in 
subspecies crosses single plant-to-plant crosses were made between test genotypes and 
individual plants in the tester populations. Due to increased seed production the tester was used 
as the female. In cases of test genotype male sterility or low pollen production the test genotype 
was used as the female. For most testcross entries based on flower color no self-fertilization 
was observed, among a few entries self-fertilization was observed up to -10% of the entries. 
Among entries with limited self-fertilization it was always do to a very 'weak' test genotype 
being used, and despite the occasional self-fertilized individual in the field plot these plots 
always performed at the bottom in terms of biomass yield. For field measurements obvious 
self-fertilized individuals were avoided when possible. 
In Spring 2000, seed from the 500 cross entries; the three wild sativa and 37 wild/semi-
improved falcata populations from which the genotypes used for crossing were derived; and two 
check cultivars (Vernal and 5454) were planted in the greenhouse. Stem cuttings of the 125 
parental genotypes were made at the same time. A total of 667 entries was included in this 
experiment (500 crosses, 125 parental clones, 40 populations, and 2 checks). 
Experimental Design 
Seedlings and cuttings were hand transplanted at the Agronomy and Agricultural 
Engineering Research Farm west of Ames, IA in a Nicollet loam soil (fine-loamy, mixed, 
superactive, mesic Aquic Hapludolls) on 1 Aug 2000 and at the Northeast Research Farm 
south of Nashua, IA in a Readlyn loam (fine-loamy, mixed, mesic Aquic Hapludolls) on 8 
Aug 2000. At each location, the field experiment was arranged in an augmented plot design 
consisting of 20 incomplete blocks of 40 plots each, for a total of 800 plots. All 665 entries 
were present once, except for 55 randomly selected entries that were replicated twice. These 
720 entries were then distributed among the incomplete blocks. In addition, each incomplete 
block contained the two check cultivais and was completed by the addition of replications of 
two or three entries not already present in that incomplete block. Each plot consisted of sixteen 
plants that were planted in a two by eight plant grid, with plants separated by 30 cm within a 
plot and plots separated by 75 cm on all sides. 
Harvests for biomass yield were taken on 3 June 2001, 24 July 2001, 11 Sep 2001, 30 
May 2002,13 July 2002, and 30 Aug 2002 in Ames and on 10 June 2001,18 July 2001,30 Aug 
2001, 13 June 2002, 18 July 2002, and 12 Sep 2002 in Nashua. Biomass yield and biomass 
yield heterosis were calculated for each harvest (Riday, 2003). 
Concurrent with biomass harvests (no more than three days prior to harvest), maturity, 
plant width, plant height, and thickness were measured on each trait. Maturity was scored on a 
1 = early vegetative to 9 = ripe seed pod scale (Kalu and Fick, 1981). Plant width was 
measured on each plant in a plot from the center of the crown to the furthest horizontal 
natural growth point and averaged for a single plot value. Similarly, plant height was the 
average natural height of all plants in the plot. In addition to measurements concurrent with 
harvest, plant height was also measured approximately on a weekly basis from plant 
emergence in the spring until the first damaging frost in the autumn. 
Vegetative density and growth angle were derived from measurements taken at the 
time of each harvest. Vegetative density was calculated as the dry matter weight of sixteen 
plants (i.e., the full plot) divided by the volume of the vegetative matter in the plot. 
Vegetative matter volume was estimated based on a 3-dimensional trapezoidal space 
generated from plant height, width, and plot layout (Fig. 2). Growth angle was calculated as 
the arctangent of the plant height divided by the plant width. 
Data Analysis 
Experiment Wide Entry Means 
Experiment wide least square means were calculated for plant width, plant height at 
cut, plant growth angle, vegetative density, and maturity for each harvest. The MIXED 
procedure of the SAS statistical software package was used with years and entries treated as 
fixed effects and locations and incomplete blocks designated as random effects (Littell et al., 
1996). Homogeneous variances were assumed among different entries. Biomass yield and 
biomass yield heterosis on a total yearly and harvest basis were calculated as described in 
Riday (2003). Since each genotype was crossed to four testers, a genotype by tester average, 
on an experiment wide basis was obtained for each genotype used. Thus, each trait was 
measured on 250 entries (106 falcata clonal entries, 19 sativa clonal entries, 106 sativa x 
falcata entries, and 19 sativa x sativa entries), and hence, was represented by 250 mean 
values. 
Height Series Data 
To analyze growth over time a single height series data set, for each entry, during 
each of the four growth periods (i.e., emergence to first harvest, first to second harvest, 
second to third harvest, and after third harvest) need to be calculated. Harvests across years 
and locations did not usually occur on the same day. Therefore, height measurements taken 
after a harvest, within a growth period, were grouped based on the number of days post-
harvests. These groups were than analyzed to remove Geld variation (i.e., blocking effects). 
For each group entry least squared means were calculated adjusting for incomplete blocks. 
After having removed incomplete block effects a gompertz curve was fitted through the entry 
average of all heights for each day within each year by location combinations (i.e., Ames 
2001, Ames 2002, Nashua 2001, and Nashua 2002) for each growth period. This curve 
fitting was accomplished to remove location and year effects. An experiment wide gompertz 
growth curve was estimated based on data from the four location by year combinations. 
Entries at each year by location combination for each growth period were adjusted by the 
deviation of the predicted growth curve of each location by year combination from the 
estimated experiment wide growth curve. For an entry, within a growth period, if multiple 
measurements to fell on the same data they were averaged. In this way there would only be 
one height value for each entry on any given day, within each growth period. Using this 
method for each entry, an experiment wide height series for each growth period was 
obtained. As with all other traits a testcross average for each genotype was calculated for a 
total of 250 height series (106 falcata clonal series, 19 sativa clonal series, 106 sativa x 
falcata series, and 19 sativa x sativa series. 
Mean Comparisons and Other Analysis 
All trait mean comparisons among groupings of entries were based on experiment 
wide mean data sets. Comparisons were done using t-tests between various groupings of the 
data. Least significant differences, when listed, were approximated by averaging all pairwise 
standard error values generated from the DIFF option of the LSMEANS statement of PROC 
MIXED and multiplying this value by the appropriate t-value (SAS, 2000). 
Gompertz growth curves, as described by Horgan (2003), were fit, using PROC 
NLIN (SAS, 2000), through height series measurements. Height series were based on entry 
height averages within analyzed categories. During the first growth period, the lower 
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asymptote was fixed at zero cm. Subsequent growth period lower asymptotes were fixed at 
five cm consistent with cutting height. Sums of squares reduction tests were used to 
accomplish pairwise curve comparisons (Schabenberger, 2003). Individual components of 
different growth curves (i.e., C = upper asymptote, M = time of maximum growth, and B = 
growth rate) were compared using their calculated 95% confidence intervals from PROC 
NLIN printout (Schabenberger, 2003; SAS, 2000). 
Regrowth was calculated by averaging daily height measurements for the first 20 
days after first, second, and third harvests. Daily height measurements were calculated based 
on the 250 testcross and clonal entry height series data used for curve fitting. A linear model 
between measured days was used to predict daily heights for which no height measurement 
had been taken. Missing daily values were interpolated to allow regrowth comparisons 
between regrowth periods. Interpolations were done, because plant heights were not 
measured on the same days after harvest or at the same frequency as during other regrowth 
periods. Height interpolation was only done to calculate regrowth and was not used for 
growth curve analysis. 
PROC CORR was used to calculate correlations between morphological traits. A 
Bonferonni adjustment to the significance level was made to account for multiple 
correlations (SAS, 2000). 
Morphological clustering was accomplished on a standardized data set of 
morphological traits measured on the clonal genotypes using Ward's method of the PROC 
CLUSTER feature of the SAS statistical software package (SAS, 2000). The number of 
clusters was estimated based on the cubic clustering criteria measure (SAS, 1994). 
Unless otherwise noted, all significance levels are reported at the 0.05 level. 
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RESULTS 
Class Mean Comparisons 
Comparisons of sativa x sativa crosses (SSC), sativa x falcata crosses (SFC), sativa 
clones (SC), and falcata clones (FC) for plant width during the first harvest showed SFC as the 
most spreading class with FC intermediate to SSC and SC (Table 2). The same pattern was 
observed during the third harvest. During second harvest, SFC were wider than SC and FC. 
For plant height, SSC were usually equivalent to SC and always taller than SFC, which 
in turn were taller than FC (Table 2). No differences were observed among classes for 
vegetative density during the first harvest, but during second harvest, FC had higher vegetative 
density than all other classes, which were equivalent. At third harvest, FC had the highest 
vegetative density with SFC and SSC being equivalent and SFC having greater vegetative 
density than SC (Table 2). First harvest maturities were all equivalent with FC being lower than 
SSC and SFC. During second and third harvest FC had the slowest maturity followed by SFC 
and then SSC and SC, which were equivalent (Table 2). The same pattern for regrowth was 
seen for each of the regrowth periods measured with SSC and SC being equivalent and greater 
than SFC, which was greater than FC (Table 2). 
Sativa x falcata crosses were compared to the mean of SSC and FC to determine mid 
subspecies deviations for the five traits measured. Plant width, height, and growth angle, 
measured at harvest, showed positive deviations for all harvests, except growth angle at third 
harvest (Table 2). No deviation was seen for vegetative density and maturity showed a positive 
deviation only at first harvest. In contrast to these traits, regrowth showed negative mid-
subspecies deviation during the three regrowth periods measured (Table 2). The mid-subspecies 
deviation indicates that SFC exhibit hybrid vigor because they are wider, taller, and more 
upright plants than expected under an additive genetic model (Table 2). 
Mean comparisons for Morphological Traits at Harvest 
In order to determine morphologies associated with the top yielding sativa-falcata 
hybrids, we chose 20% of SFC that were highest yielding (i.e., top 20 entries) and contrasted 
these SFC against the other entries. The top performing SFC had greater plant width for each 
harvest. Top yielding SFC also had increased plant height at the third harvest and increased 
vegetative density during each harvest. Third period regrowth was higher in top yielding SFC 
compared to other SFC (Table 2). We also wanted to determine if the falcata parental genotypes 
of the top 20 highest yielding SFC had morphological differences when compared to the other 
falcata parents. We found the falcata parents of the higher yielding SFC had greater plant width 
and vegetative density during first and third harvests (Table 2). 
For a number of the populations used in this study, parental genotypes were both 
randomly chosen from the population and visually selected from field plantings during autumn. 
Comparisons between the selected and random genotypes indicated that selected plants 
produced progeny with superior biomass yield and yield heterosis during all three harvests 
(Riday, 2003). For the five morphological traits, no differences were observed between the 
progeny of the two groups. Comparisons of parental performance joer ae also showed no 
morphological differences between the two groups (Table 2). 
The location of origin of wild falcata germplasm had a strong predictive value for sativa-
hybrid performance (Riday, 2003). Contrasts between European SFC and Asian SFC for the 
five morphological traits measured at harvest revealed no differences for plant width or maturity 
at any harvest (Table 2). However, European germplasm produced taller hybrids with a greater 
growth angle during the first and third harvests, greater vegetative density during first and 
second harvests, and greater regrowth during every regrowth period than the Asian germplasm. 
Comparisons of the falcata parents ae indicated that European germplasm was taller, had a 
greater growth angle during all three harvests, had increased third harvest plant width and 
vegetative density, and increased regrowth during the third and fourth growth periods compared 
with the Asian material (Table 2). 
Height Growth Curves 
Height series of SSC, SFC, and FC were compared for four growth periods (Fig. 3). 
Throughout the growing season, SSC were taller than SFC which in turn were taller than FC, as 
expected based on our previous work (Riday and Brummer, 2002b). Statistically, the SSC and 
SFC curves were equivalent and both were greater than FC during the first and second growth 
periods (Table 3). The SFC curve was intermediate to the SSC and FC curves for third and 
fourth growth periods. Differences were seen for individual components of the growth curves 
(i.e., C - upper asymptote [cm], B = growth rate, M = inflection point [days]) (Table 3). During 
the first growth period, the asymptotic height of SSC was superior to FC. However, because the 
FC had not reached their asymptote at harvest time, the estimates of C have large errors 
associated with them. During second growth period, the FC had a slower growth rate than SSC 
and SFC, and SSC had an earlier inflection point than either SFC or FC. The effects of autumn 
dormancy in FC and SFC were noticeable during the third growth period. The SFC had an 
asymptote intermediate to SSC and FC and reached their inflection point later than SSC. 
During the final growth period in the autumn, only asymptote differences were observed among 
the classes, with SFC being intermediate to SSC and FC. 
Mid-subspecies growth curves were compared to the SFC curves to determine hybrid 
deviation from an additive model. No differences were observed between the mid-subspecies 
curves and the SFC curves for any growth period (Table 3). Differences for individual curve 
components were seen only during third and fourth growth periods. The SFC had a higher 
asymptote (taller plants) than the mid-subspecies curve during third growth period, but the 
reverse during the fourth growth period. During the third growth interval SFC had a later 
inflection point than the mid-subspecies curve (Table 3). 
Gompertz curves were estimated based on testcross performance of the top 20 yielding 
SFC and these curves were then compared to testcross performance of the remaining SFC. No 
differences were observed for the overall curves or for individual curve components during any 
growth period (Table 3). Based on the top 20 yielding SFC, growth curves were created from 
their FC height series, which were compared to curves based on the remaining FC. Similarly, 
no differences were seen between the overall curves of the falcata parents of the top 20 SFC 
compared to the remaining falcata parents during any growth period; however, during the fourth 
autumn growth period, the FC producing the top yielding SFC had a higher asymptote than the 
others (Table 3). 
A comparison of autumn selected genotypes (Riday, 2003) with randomly chosen 
genotypes from the same populations revealed no differences for SFC growth curves between 
the two classes for the curves as a whole or individual components during any of the growth 
periods (Table 3). The only difference between growth curves based on FC of the selected and 
randomly chosen genotypes was seen during the fourth growth period with selected FC curve 
having a taller asymptote. 
Comparisons of SFC growth curves between wild falcata from European versus Asian 
sources revealed no differences for any of the growth periods (Table 3). Likewise, wild FC 
from European and Asian sources did not differ for first and second growth periods. It was not 
possible to estimate an Asian growth curve for the first growth period due to extreme 
decumbency and slow height increase of the entries. During the third and fourth growth period 
European falcata had a greater asymptotic height than the Asian falcata germplasm (Table 3). 
Biomass Yield Inflection Point 
Sativa-falcata hybrids have slower regrowth than expected under an additive model; 
however, they have greater height at harvest than expected (Riday and Brummer, 2002b). 
Using the height series information, we attempted to estimate the number of days after harvest at 
which sativa-falcata hybrid yield switches from being inferior to being superior to the mid-
subspecies mean. To accomplish this comparison, we assumed that biomass accumulation 
mimics the trajectory of plant height over time. Based on this assumption, we see that SFC 
begin showing superior yield to SSC at about the beginning of May and continuing until the 
time of first harvest (Fig. 4). Following first harvest, the SFC regrow slower than the SSC; 
however, as the SSC begin to reach their asymptote, the SFC catch up. The inferior yield of 
SFC to SSC, particularly during the early part of the growth period, is very pronounced. 
Comparing SFC to the mid-subspecies curve, we see that around 23 days after cutting, SFC go 
from being inferior to the mid-subspecies curve to being superior (Fig. 4). Following second 
harvest, SFC remained inferior to SSC throughout the growth period; however, less lag in 
regrowth was evident compared to the second growth period. The SFC curve is inferior to the 
mid-subspecies curve until around 21 days after the previous harvest. 
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Heterosis Prediction based on Morphology 
Contrasts of genotypic means grouped according to biomass yield performance, 
geographic origin, and other criteria revealed differences among various morphological traits 
measured in both the parents and testcross offspring. Correlations between testcross 
morphology and testcross biomass yield and heterosis could help determine which 
morphological traits are likely components of biomass yield and heterosis. By correlating 
parental morphological measurements with testcross progeny biomass yield and heterosis, we 
hoped to identify potential morphological traits that could be pre-screened on parents to increase 
the probability of selecting genotypes that would show good testcross performance in sativa-
falcata hybrids. Because producing testcrosses and evaluating yield is both time consuming and 
expensive, indirect selection methods are desirable. 
Parental genotypes with larger third harvest plant width generally had higher biomass 
yield during all harvests (Table 4). Parental genotype height at all harvests was positively 
correlated with increased testcross biomass accumulation during third harvest. Increased 
parental plant density at third harvest was correlated with increased total yearly, first harvest, 
and second harvest biomass yield. The only negative association was seen between second 
period regrowth and first harvest yield (Table 4). 
Morphological Clustering 
From Geld observation, vastly different morphologies have been noted that lead to 
superior sativa-falcata hybrids (Riday and Brummer, 2002a). In order to assess which 
morphological combinations might lead to high biomass yield in testcross progeny, we clustered 
the parental genotypes based on the seven morphological traits measured at each harvest into 
seven groups (Fig. 5). All sativa genotypes except one (PI 384890) clustered together (Cluster 
1), which was most divergent from the others. 
Genotypes from cluster five have superior first harvest biomass yield and retain this 
advantage in subsequent harvests (Table 5). During second harvest the other clusters drop 
below the sativa cluster mean yield, except for group five. Again the second harvest pattern is 
repeated during third harvest, except group seven yields are equivalent to cluster one. Few 
differences were seen during any harvest in heterosis levels between the groups (Table 5). 
Clusters four, five, and seven have the greatest parental plant width across all three harvests 
(Table 5). The sativa cluster has the tallest parental plants and groups six and seven have the 
tallest plants among the falcata across all harvests. The same pattern observed for height is seen 
for parental growth angle, except cluster two is equivalent to cluster seven (Table 5). The 
genotypic clusters with the greatest plant density are five and six for first harvest; four, five, and 
six for second harvest; and four and five for third harvest (Table 5). The sativa cluster has the 
most rapid parental maturities. Maturities of the remaining clusters are slightly lower then the 
sativa cluster, except for groups, two and six which have slow maturities during first and second 
harvests (Table 5). The sativa genotypes have the most rapid parental regrowth, with substantial 
autumn growth. Among falcata clusters five, six, and seven have slightly better regrowth and 
autumn growth than the other clusters (Table 5). 
Comparisons of first harvest hybrid biomass yield shows cluster five with the most yield 
and the sativa cluster with the least (Table 5). During second harvest clusters one, four, five, 
and seven had equivalent top hybrid biomass yields. During third harvest cluster one, five, six, 
and seven had top hybrid biomass yield. Hybrid plant width was similar among clusters to 
parental plant width (Table 5). Hybrid plant height was much more uniform among clusters 
compared to parental plant height across all harvests, indicating plant height heterosis (Table 5). 
Hybrid growth angle had a similar pattern to parental growth angle across harvests, except the 
range was not as large for hybrids. First harvest hybrid plant density was uniform across 
clusters. During second and third harvests clusters three, four, and five showed slightly 
increased density compared to the other clusters (Table 5). Hybrid maturity ranges among 
clusters one and four with the most rapid first harvest maturity. During second harvest clusters 
one and seven matured most rapidly. Finally during third harvest cluster seven had the most 
rapid maturity (Table 5). Clusters for hybrid regrowth and autumn asymptotic height were 
divided into three with the sativa having clearly superior regrowth and autumn plant height. 
Clusters three and four had very slow regrowth and little autumn plant height. The other 
clusters were intermediate (Table 5). 
DISCUSSION 
Heterosis was not only observed for biomass yield but for plant width, plant height, and 
growth angle. Negative heterosis was observed for regrowth in sativa-falcata hybrids. As 
expected, sativa germplasm exhibited fast regrowth and an erect growth form. For plant width, 
plant height, growth angle, density, and maturity, a full range of parental genotypes were found 
among falcata germplasm. Disappointingly, but not unexpectedly, no falcata germplasm was 
noted that had regrowth and fall plant height close to the sativa germplasm level. 
Top yielding sativa-falcata hybrids were taller, wider, and denser than the other hybrids. 
European germplasm, in particular, exhibited increased plant height and regrowth in relation to 
Asian material, which may help explain why the European falcatas make better hybrids. Only 
parental plant height, and third harvest plant density had major predictive value for hybrid 
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biomass yield. Virtually no parental morphological traits were associated with biomass 
heterosis. 
Based on height growth rate data, biomass yield of hybrid progeny becomes superior to 
the mid-subspecies mean about 30 days after the first harvest. During Erst and third harvest, the 
sativa-falcata hybrid biomass production is never inferior to and eventually becomes superior to 
the mid-subspecies expectation. 
Although falcata with superior morphology leads to superior sativa-falcata hybrids, the 
superiority is uncorrelated with biomass heterosis levels. For breeders selecting falcata parent to 
form a base population this means that there is no specific morphology that will lead to 
increased sativa-falcata hybrid heterosis. Selecting falcata parents for good agronomic qualities 
will, however, increase agronomic performance of sativa-falcata hybrids independent of 
heterotic performance. 
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Table 1. Origin and number of genolypes selected from 44 populations used in this study. 
Population Origin! No. j Population Originf No. t 
Wild Germplasm 
1. PI 631591 9°38', 47° 15' 2 15. PI 631608 84°00', 29°00' 3 
2. PI251836§ I1°I9',44°I0' 1 16. PI 631612 84°00', 29°00' 3 
3. PI 6315791 13°29', 45°52' 3 17. PI 631601 84°38', 44°09' 4 
4. PI 2534511 16°38', 46°22' 1 18. PI 538993# 85°53', 50°50' 3 
5. PI 631796 16°38', 49° 12' 5 19. PI 577561 85°59', 52°00' 4 
6. 5291/88 (Inst. Agrobotanv Hng.) 17°52', 47° 12' 1 20. PI 499661/4# 88°31',44°05' 2 
7. 5299/881 (Inst. Agrobotany Hng.) 17°55', 47° 13' 1 21. PI 631645 102°34', 47°23' 5 
8. PI 631857 18°37', 57° 17' 4 22. PI 631639 112°00\ 47°30' 3 
9. PI 4946611# 23°25', 46°55' 5 23. PI 499548 116°02', 43°58' 1 
10. PI 494658§ 26°54', 46°34' 1 24. W6 16608 118°06', 48°00' 1 
11. PI 502441# 43°53', 46°11' 5 25. PI 631806# (North Russia) 4 
12. PI 384890§ 55°01', 36°25' 1 26. PI 573175# (China) 3 
13. PI 538985# 56° 19', 50°50' 5 27. PI 631811 (South Kazakhstan Pro.) m 
14. PI 4405391 76°57', 43° 15' 1 
"Improved' Germplasm 
28. PI 6316201 (Yarkendy Type) 77°00', 34°00' 2 31. PI 502453# (Pavlovskaya) (Russia) 4 
29. PI 631597# (Krasnokutskaia) 45°55',51°30' 5 32. PI 6317971 (Russia) 3 
30. PI 6315961 (Altaijskaia Zioltaia) 9I°48', 53°27' 2 33. PI 6317991 (Latvia) 2 
Status Unknown Germplasm 
34. PI 2142181 (Denmark) 1 35. PI 3140921# (South Russia) 4 
American Germplasm 
36. IA-3018# (Iowa State Unv.) (Iowa) 5 39. WISFAL# (PI 560333) (Wisconsin) 5 
37. Lodgelandf (South Dakota St. Unv.) (South Dakota) 2 40. PI 4680151 -107°48', 51°25', 1 
38. SD 201 (South Dakota St. Unv.) (South Dakota) it; 
Elite Sativa Germplasm 
41. Pioneer Hi-Bred (Upper Midwest) 5 43. Hungarian (Forage Genetics) (Hungary) 3 
42. Forage Genetics (Upper Midwest) 3 44. ABI Alfalfa (Innovator +Z, Imbrd.) (Upper Midwest) 5 
f Longitude, Latitude 
Î Number of genotypes per population selected. 
§ Wild sativa population. 
| Populations contains some genotypes with variegated flowers, 
# Populations from which genotypes were visually and randomly selected. 
It PI499661 and PI499664 (one genotype from each population [PI499664 is listed as a sativa population in GRIN, however all genotypes in the 
population are yellow flowered, we assume a classification error was made and treat the genotypes as if from the same population]). 
ÎÎ Colchicine doubled (2x—»4x ploidy). 
Table 2. Entry class comparisons and contrasts for the following traits measured at three harvest: plant width, plant 
height, plant growth angle, vegetative density, maturity score, and regrowth. Reported means are based on two Iowa 
locations during 2001 and 2002 
Entry Type Plant Width 
st ->nd 
Plant Height Growth Angle Density Maturity Regrowth 
Is Is •tnd 
cm -
Sativa x Sativa Crosses 29.6c 28.2ab 24.5c 
Sativa x Falcata Crosses 34.7a 30.0a 28.6a 
Sativa Clones 27.9c 27.3b 24.3c 
Falcata Clones 32.4b 28.4b 27.0b 
66.4a 57.8a 55.5a 
60.0b 50.0b 44.1b 
57.5b 53.7ab52.2a 
36.8c 32.1c 26.5c 
deg 
60.0a 63.8a 64.2a 
52.5b 58.8b 54.4b 
56.3ab62.6a 62.0a 
35.6c 47.0c 39.6c 
1st 2nd 3rd 1st 2nd 3rd 2nd 3rd 4th 
----
mg cm™3 — score - — cm -
1.2a 1.5b 1.2bc 4.4a 6.3a 5.1 19.8a 18.4a 16.6a 
1.3a 1.6b 1.4b 4.3a 6.0b 4.6 12.5b 12.7b 9.3b 
1.3a 1.7b 1.2c 4. lab 6.3a 5.0 19.7a 17.9a 16.3a 
1.3a 1.8a 1.6a 4.0b 5.8c 4.3 8.9c 9.3c 6.7c 
Mid SSC-FC Deviation 3.7 1.7 2.8 8.4 5.0 3.1 4.7 3.4 2.6" 0.0NS -0.1Ns 0.0NS 0.2 o.o™ -o.r -1.9 -1.2 -2.2 
Top 20 SFC 
Top 20 SFC FC 
Selected SFC 
Selected SFC FC 
Asian SFC 
European SFC 
Asian FC 
European FC 
36.2 31.2 30.4 
35.7' 30.0^ 29.8' 
61.0NS 51.7NS 46.9* 
41.9NS36.0NS 29.6NS 
34.0^ 30.3^ 28.3^ 60.3^ 51.4^ 46.2' 
34.2^ 29.0^ 27.6^ 41.2^ 37.4^ 31.8 
35.4a 30.5a 29.0a 
35.9a 30.5a 29.6a 
31.2a 29.0a 25.1b 
33.9a 29.1a 28.8" 
(NS 
57.5b 47.3a 39.8b 
59.7' 49.1a 44.0'" 
25.7b 24.3b 17.6b 
35.9'" 30.3'" 25.8'" 
52.3^ 58.7^54.8^ 
38.9"* 48.7^ 40.9^ 
53.5^ 59.3^ 56.0^ 
39.4NS 50.4ns 44.5NS 
1.5'" 1.8' 
1.5 
1.4 NS 
1.3NS 
50.1b 56.9a 51.3b 1.3b 
51.7* 58.0a 53.7* 1.4* 
26.0b 40.0b 32.5b 1.2a 
34.4"'45.1" 37.5" 1.4a 
1.5 
9*5 
7NS 
9NS 1.7ns 
6b 1.4a 
8a 
9a 
1.4a 
1.4b 
4.2^ 6.0^ 
3.9^ 5.7^ 
4.3^ 6.0^ 
4.0^ 5.8^ 
4.4a 6.0a 
4.4a 6.0a 
4.0a 
4.1a 
5.9a 
5.9a 
4.7 
4.2" 
4.6" 
4.4' 
4.2a 
4.4a 
13.1™ 13.5' 
9.0*S JQ QN 
9.9" 
7.2' 
13.3NS 13.4NS 10.01 
9.6^ 10.2" 
8.7a 
8.4a 
8.1b 
9.5"' 
7.3 
4.6a 11.1b 11.5b 8.1b 
4.7a 12.4'" 12.8'" 9.4"" 
5.9b 
6.7" 
o\ 
o 
Indicated differences significant at the 0.05 level 
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Table 3. Parental morphological traits measured during each harvest 
correlated with testcross biomass yield and heterosis measured for each 
harvest for experiment wide means of two Iowa locations during 2001 and 
2002. 
Parental Testcross Biomass Yield Testcross Biomass Yield Heterosis 
Morphological Hrvst. Yearly Harvest Yearly Harvest 
Trait Total 1st 2nd 3rd Total 1st 2nd 3rd 
correlation (r) 
Plant Width 1 NS NS NS NS NS NS NS NS 
2 NS NS NS NS NS NS NS NS 
3 0.46*** 0.38** 0.41*** 0.44*** NS NS NS NS 
Plant Height 1 NS NS NS 0.38** NS NS NS NS 
2 NS NS NS 0.40** NS NS NS NS 
3 NS NS NS 0.42*** NS NS NS NS 
Growth Angle 1 NS NS NS NS NS NS NS NS 
2 NS NS NS NS NS NS NS NS 
3 NS NS NS NS NS NS NS NS 
Biomass Density 1 NS NS NS NS NS NS NS NS 
2 NS NS NS NS NS NS NS NS 
3 0.34* 0.33* 0.33* NS NS NS NS NS 
Maturity 1 NS NS NS NS NS NS NS NS 
2 NS NS NS NS NS NS NS NS 
3 NS NS NS NS NS NS NS NS 
Regrowth 2 NS NS NS NS NS -0.33* NS NS 
3 NS NS NS NS NS NS NS NS 
4 NS NS NS NS NS NS NS NS 
Significant differences at the 0.05 level 
Table 4. Biomass yield means comparisons for sativa x sativa crosses (SSC), sativa x falcate crosses (SFC), sativa 
clones (SC), and falcate clones (FC) on a harvest mean basis for height growth curve per se (T) and growth curve 
components: upper asymptote (C), growth rate (B), and time of maximum growth (M). 
Entry Type Height Growth Curve 1 
St Height Growth Curve 2' nd Height Growth Curve 3rd Height Growth Curve 4th 
C B M ÎT C B M T C B M T C B M T 
Sativa x Sativa Crosses 112.8a 0.035a 55.7a a 50.9a 0.094a 13.4a a 51.1a 0.087a 14.3a a 39.5a 0.128a 12.7a a 
Sativa x Falcata Crosses 93.9ab 0.039a 54.8a a 45.8a 0.087a 19.2b a 40.3b 0.084a 17.5b b 17.9b 0.126a 14.0a b 
Falcata Clones 81.0b 0.031a 68.2a b 47.2a 0.043b 32.1b b 20.6c 0.088a 16.8ab c 5.4c 0.169a 12.3a c 
Mid Parent 96.4a 0.033a 60.4a a 43.5a 0.069a 17.3a a 35.9b 0.086a 15.1b a 22.4b 0.133a 12.6a a 
Top 20 SFC 90.5a 0.041a 52.7a a 47.5a 0.085a 19.1a a 42.4a 0.086a 17.1a a 19.7a 0.125a 13.7a a 
Selection SFC 92.7a 0.039a 53.8a a 46.5a 0.090a 18.3a a 41.6a 0.086a 16.9a a 19.4a 0.131a 14.0a a 
Top 20 FC 47.5a 0.059a 55.4a a 47.6a 0.041a 33.0a a 24.4a 0.091a 16.5a a 7.3b 0.184a 12.9a a 
Selection FC 64.9a 0.038a 56.3a a 45.7a 0.051a 26.1a a 26.3a 0.089a 17.1a a 8.7b 0.140a 13.7a a 
East Eurasian SFC 94.4a 0.038a 56.9a a 44.1a 0.086a 20.5a a 35.4b 0.088a 17.7a a 17.1a 0.138a 14.3a a 
West Eurasian SFC 87.6a 0.042a 52.7a a 45.1a 0.087a 19.3a a 39.4a 0.090a 17.1a a 19.4a 0.131a 14.0a a 
East Eurasian FC 65.5a 0.026a 52.0a a 11.1b 0.124a 13.7a a 5.1b 0.168a 12.1a a 
West Eurasian FC 65.9 0.035 63.2 - 52.4a 0.039a 37.8a a 18.3a 0.103a 15.2a a 8.7a 0.140a 13.7a a 
Indicated differences significant at the 0.05 level 
Î Growth Curves (T) per se were compared with a sums of square reduction test (Schabenberger, 2003). 
Table 5. Parental and hybrid morphological trait means for seven parental morphological clusters, clustered 
using Ward's Method (SAS, 1994), during three harvests based on experiment wide means of two Iowa 
locations during 2001 and 2002 
Cluster 
Biomass 
Yield 
Harvest 
Biomass 
Heterosis 
Harvest 
Plant Width Plant Height 
Harvest Harvest 
Growth 
Angle 
Harvest 
Biomass 
Density 
Harvest 
Maturity Regrowth 
Harvest Harvest 
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 2 3 4 < 
g plant" i cm deg°- - mg cm 3 — score 
Parental Means 
Group If 91 78 52 -8 1 -1 28 27 24 60 55 54 59 64 64 1.3 1.7 1.2 4.2 6.3 5.1 20 19 17 45" 
Group 2 45 36 24 -1 -2 1 25 22 22 36 32 28 43 54 47 1.0 1.3 1.0 3.4 5.5 4.4 8 9 6 10' 
Group 3 37 37 19 0 -1 0 29 29 24 22 21 16 22 36 31 1.0 1.7 1.3 4.1 6.2 4.5 9 8 6 T 
Group 4 66 60 40 3 1 -1 37 32 29 30 26 19 27 39 31 1.4 2.2 1.8 4.1 5.9 4.2 8 8 6 8e 
Group 5 112 86 67 2 2 2 38 32 32 41 36 30 37 47 40 1.9 2.4 2.2 4.2 5.9 4.1 9 11 8 13' 
Group 6 96 70 48 -3 -4 0 26 22 23 55 46 42 56 65 57 1.6 2.0 1.4 3.5 4.9 4.2 10 11 8 19b 
Group 7 93 66 54 3 1 2 35 29 30 52 45 38 46 56 48 1.3 1.7 1.6 4.1 5.8 4.5 10 11 8 14" 
LSD 12 10 9 7 5 5 3 3 2 6 5 5 5 4 5 0.2 0.3 0.3 0.4 0.3 0.4 1 1 1 
Hybrid Means 
Group 1 89 75 54 29 28 24 67 59 56 61 65 66 1.3 1.6 1.3 4.4 6.1 4.6 20 19 17 46' 
Group 2 93 66 51 33 29 27 63 51 46 55 60 57 1.3 1.5 1.3 4.3 5.9 4.7 13 13 9 23^ 
Group 3 94 67 49 — - 36 31 30 58 47 40 49 56 50 1.3 1.8 1.4 4.3 6.0 4.7 11 11 8 18' 
Group 4 98 72 51 --- 37 31 30 57 47 40 49 56 50 1.3 1.6 1.4 4.4 6.0 4.5 11 12 8 18' 
Group 5 100 77 58 35 30 30 59 50 45 53 59 55 1.4 1.6 1.4 4.1 5.9 4.6 14 14 10 26*" 
Group 6 94 68 54 30 27 25 63 54 49 58 63 61 1.3 1.5 1.3 4.3 6.0 4.7 14 14 11 3 lb  
Group 7 99 73 56 33 29 27 64 54 50 56 62 59 1.3 1.6 1.3 4.3 6.2 5.0 14 14 11 28"" 
LSD 7 6 5 — —  2 2 2 3 3 3 2 2 3 0.1 0.1 0.1 0.2 0.1 0.2 1 1 1 
t Autumn asymptotic height (C + 5cm), letters indicate significant differences. 
J Group 1 contains most of the sativa genotypes. 
73 
Fig. 1. Geographical distribution of selected populations and their location of origin. [X] 
indicates approximate location of origin. "X" indicates semi-improved population. -X-
indicates a population's improvement status unknown. X* indicates diploid population. 
Fig. 2. Plot volume estimated shape. If plants are erect the shape can be flipped upside 
down, but the calculations remain the same. 
Fig. 3. Experiment wide plant heights over time for four growth periods for sativa by sativa 
crosses (SSC), sativa by falcata crosses (SFC), falcata clones (FC), and estimated mid-
subspecies mean. After first harvest growth curves start at 5cm due to reflect stubble height 
after cutting. 
Fig. 4. Estimated biomass accumulation over time for sativa crosses (SSC), sativa by falcata 
crosses (SFC), falcata clones (FC), and estimated mid-subspecies mean. Plant height growth 
rate information and harvest biomass yields were used to interpolate curves. 
Fig. 5. Parental morphology dendogram and clusters using Ward's method (SAS, 1994). * 
indicates top twenty total yearly hybrid biomass yielding entry. 
Fig. 1. 
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CHAPTER 4: ENVIRONMENT OF ORIGIN AND HETEROSIS IN 
ALFALFA 
A paper to be submitted to Crqp 
Heathcliffe Riday, E. Charles Brummer, and Diane Luth 
ABSTRACT 
This study examines the relationships of genetic, parental morphology, and climate of 
origin data in relationship to sativa-falcata hybrid performance. Over one hundred Medicago 
sativa subsp. falcata genotypes from a broad range of populations were test crossed to elite 
subsp. sativa germplasm. Biomass yield and morphological traits were measured on parental 
and hybrid entries. Polymorphic AFLP fragments were scored on the parental genotypes. 
On a population level climate of origin data for wild falcata populations was compiled. 
Although the molecular fragment data was ambiguous it pointed to wards a 
geographical/climate pattern of genetic variation. Of all three data types used climate of 
origin information was most predictive of hybrid biomass yield and heterosis. Molecular 
marker data tended to be collinear with climate of origin data in predicting hybrid biomass 
yield and heterosis performance. Parental morphology was associated with increased hybrid 
biomass yield, however, not with increased heterosis. Among specific climate of origin 
variables winter measurements, in particular, were correlated with hybrid and parental 
performance. Various radiation measurements during their peak around June showed 
correlations with hybrid and parental performance. In particular European germplasm is in a 
favorable environment for increased sativa-falcata heterosis and hybrid biomass yield. 
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INTRODUCTION 
Semi-hybrid or hybrid cultivars could increase biomass yield in alfalfa (Brummer, 
1999). Ma&cago #zfz\*z subsp. ^ z/ca&z (hereafter "fialcata") has been identified as a subspecies 
that shows heterosis in crosses with elite Medicago sativa subsp. sativa (hereafter "sativa") 
(Riday and Brummer, 2002ab; Riday et al., 2002). Few improved falcata breeding populations 
exist, hampering effort to develop sativa-falcata semi-hybrid cultivars. Given the potential for 
yield increases from capturing heterosis (Brummer, 1999; Riday and Brummer, 2002a), 
identifying and selecting falcata populations that show good heterosis with sativa germplasm 
should be a priority for alfalfa research. 
The best method to identify the most useful falcata germplasm for hybrid breeding 
programs is to make crosses with elite sativa germplasm, but making test crosses is time 
consuming and expensive. Thus, the identification of easily assayed traits, such as 
morphological or genetic markers, that are associated with hybrid progeny performance would 
streamline the selection process. Clear morphological differences exist between falcata and 
sativa germplasm (Crochemore et al., 1996; Jenczewski et al., 1999; Cazcarro, 2000; Riday and 
Brummer, 2002ab; Riday et al., 2002; Riday, 2003). There are some indications that the 
morphological differentiation between falcata and elite sativa germplasm may partially explain 
the observed heterosis (Riday et al., 2002). Because most morphological traits are under 
environmental selection, certain environmental conditions may sculpt falcata morphology to 
give it a high probability of producing heterosis with elite sativa germplasm. European falcata 
germplasm has a higher probability of producing progeny exhibiting heterosis than does Asian 
material (Riday, 2003). We reasoned that because environmental factors undoubtedly mould 
the morphology and genetic constitution of falcata populations, identifying environments from 
which falcata genotypes producing high performance hybrids derived could help focus our 
falcata population improvement eSbrts. Given that 470 falcata accessions are already present 
in the National Plant Germplasm System's collection (GRIN, 2002), increased knowledge 
about the environments associated with hybrid performance could be used to prioritize 
accessions for evaluation and to target geographical regions for future collection activities. 
In maize and sunflower, molecular markers have been successfully used to place 
genotypes into heterotic groups (Messmer et al., 1991; Cheres et al., 2000). In alfalfa, 
molecular markers generally show that sativa and falcata germplasm form distinct groups 
(Quiros, 1983; Brummer et al., 1991; Kidwell et al., 1994), but the distinction between the 
subspecies is less clear when evaluating only wild (non-improved) germplasm (Crochemore et 
al., 1996; Ghérardi et al., 1998; Jenczewski et al., 1999; Cazcarro, 2000). Based on a limited 
sampling of genotypes, we did not find an association of genetic distance with heterosis (Riday 
et al., 2003). Genetic clustering that established heterotic clusters would allow prescreening of 
germplasm sources to obtain falcata germplasm that showed good heterosis with elite sativa 
germplasm. 
One difficulty of assessing heterotic relationships among genotypes based on random 
genetic markers is that many markers not associated with genes controlling the desired 
phenotype are included in the analysis, adding noise to the system. Thus, markers or (even 
better) genes known to be associated with biomass yield heterosis would be superior. Currently, 
however, few genetic markers for biomass yield exist in autotetraploid alfalfa. The lack of 
genetic markers is due to the complexity of autotetraploid genetics and the limited effort applied 
to mapping complex phenotypes in the species. A few diploid alfalfa genetic maps have been 
created (Brummer et al. 1993; Kiss et al. 1993; Echt et al., 1994; Tavoletti et al. 1996, Diwan 
et al., 2000; Kalô et al. 2000) and two autotetraploid alfalfa maps (Brouwer and Osbom 1999; 
Robins et al., 2003). With the initiation of the AWzcago frwicafw&z genome initiative, markers 
and candidate genes discovered in M frwncofw&z increase the number of prospective markers 
and candidate genes that can be targeted in tetraploid alfalfa. 
The hypotheses we tested in this experiment are that (1) genetic clustering based on 
random genetic markers can be used to identify falcata germplasm that produce biomass yield 
heterosis in testcrosses with elite sativa germplasm, (2) climate variables from the location from 
which falcata genotypes derived can be identified that predict their biomass yield and 
morphology and the hybrid performance of their progeny, and (3) that associations of falcata 
populations based on morphology can be predicted by combining information from random 
molecular markers, physical distance, and climatic variables. 
MATERIALS AND METHODS 
Plant Materials 
A total of 125 genotypes was used as parents in this experiment (Table 1, Fig. 1). 
Sixteen were elite sativa genotypes from four populations, designated as testers: five Pioneer 
Hi-bred International genotypes (Des Moines, IA), three elite genotypes from Forage Genetics 
(West Salem, WI), three elite genotypes derived from Hungarian germplasm also from Forage 
Genetics, and five 'Innovator +Z' genotypes derived from one generation of inbreeding. Three 
wild sativa genotypes from different populations were also included. The remaining 106 
genotypes were falcata, derived from 37 wild or semi-improved populations from throughout 
the native range of falcata. In several populations, genotypes were chosen by visually selecting 
vigorous plants during the autumn of 1999 growing in a space planted falcata germplasm 
evaluation trial at Ames, IA (Brummer et al., 1997). The trial was in its second year post-
establishment and had been harvested twice during 1999. At the time of selection, most plants 
were dormant with minimal regrowth so our selections were those with less dormancy than the 
overall populations. In a number of populations variegated genotypes were observed, 
suggesting some type of sativa-falcata introgression or subsp. vono, even though the population 
was listed as falcata and in one case sativa (Table 1). Unless, specifically noted otherwise 
genotypes from variegated populations were designated as falcata genotypes. 
All 125 genotypes were testcrossed to the four tester populations in the greenhouse 
during the autumn/winter 1999 to 2000 for a total of 500 cross entries. Of these 500 entries, 76 
were sativa by tester and 424 were falcata by tester. Florets were not emasculated. Self-
fertilization was a concern, however, due to self-incompatibility most seed produced was 
expected to be cross-pollinated. To further reduce the risk of self-fertilization and with in 
subspecies crosses single plant-to-plant crosses were made between test genotypes and 
individual plants in the tester populations. Due to increased seed production the tester was used 
as the female. In cases of test genotype male sterility or low pollen production the test genotype 
was used as the female. For most testcross entries based on flower color no self-fertilization 
was observed, among a few entries self-fertilization was observed up to -10% of the entries. 
Among entries with limited self-fertilization it was always do to a very 'weak' test genotype 
being used, and despite the occasional self-fertilized individual in the field plot these plots 
always performed at the bottom in terms of biomass yield. For field measurements obvious 
self-fertilized individuals were avoided when possible. 
In Spring 2000, seed from the 500 cross entries; the three wild sativa and 37 wild/semi-
improved falcata populations from which the genotypes used for crossing were derived; and two 
check cultivars (Vernal and 5454) were planted in the greenhouse. Stem cuttings of the 125 
parental genotypes were made at the same time. A total of 667 entries was included in this 
experiment (500 crosses, 125 parental clones, 40 populations, and 2 checks). 
Experimental Design 
Seedlings and cuttings were hand transplanted at the Agronomy and Agricultural 
Engineering Research Farm west of Ames, IA in a Nicollet loam soil (fine-loamy, mixed, 
superactive, mesic Aquic Hapludolls) on 1 Aug 2000 and at the Northeast Research Farm 
south of Nashua, IA in a Readlyn loam (fine-loamy, mixed, mesic Aquic Hapludolls) on 8 
Aug 2000. At each location, the field experiment was arranged in an augmented plot design 
consisting of 20 incomplete blocks of 40 plots each, for a total of 800 plots. All 665 entries 
were present once, except for 55 randomly selected entries that were replicated twice. These 
720 entries were then distributed among the incomplete blocks. In addition, each incomplete 
block contained the two check cultivars and was completed by the addition of replications of 
two or three entries not already present in that incomplete block. Each plot consisted of sixteen 
plants that were planted in a two by eight plant grid, with plants separated by 30 cm within a 
plot and plots separated by 75 cm on all sides. 
Harvests for biomass yield were taken on 3 June 2001, 24 July 2001, 11 Sep 2001, 30 
May 2002,13 July 2002, and 30 Aug 2002 in Ames and on 10 June 2001,18 July 2001,30 Aug 
2001, 13 June 2002, 18 July 2002, and 12 Sep 2002 in Nashua. Biomass yield and biomass 
yield heterosis were calculated for each harvest (Riday, 2003). 
Concurrent with biomass harvests the following traits were measured on each plot: 
maturity, plant width, plant height, and thickness (Riday, 2003). In addition to traits measured 
concurrent with harvest plant height was measured approximately on a weekly basis from 
plant emergence in the spring until the first damaging frost in the autumn. Plant height was 
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the plot average height of plants as the stood in the Geld. The following derived traits were 
calculated as well vegetative density, growth angle, and regrowth (Riday, 2003). 
Morphological Data 
For each trait (i.e., biomass yield, height at harvest, growth angle, maturity, plant 
width, vegetative density, regrowth) on a clonal mean and testcross mean basis for every 
harvest experiment wide least square means were calculated to derive a data set of 125 
genotype entries (106 falcata, 19 sativa) with 42 morphological traits (clonal and testcrosses, 
three harvests, and seven morphological traits) (Riday, 2003). Biomass yield heterosis for 
each of the 125 entries was added for each of the three harvests. In addition genotype entries 
were averaged to come up with a data set of 45 morphological traits for 44 population 
entries. 
Average taxonomic pairwise distance between genotypes and populations were 
calculated based on standardized morphology data sets (Sneath and Sokol, 1973). 
Molecular Marker Data 
In addition to the 125 genotypes listed earlier (Table 1), DNA from nine additional 
genotypes was available for molecular marker analysis (Table 2). The nine additional 
genotypes were analyzed only in terms of molecular maker analyses. 
DNA Preparation 
Genomic DNA was extracted from leaves using the method of Doyle and Doyle 
(1990). The DNA preparations were quantified by electrophoresis on a 0.8% agarose gel 
containing 0.3fig/ml ethidium bromide and comparing the band intensities to a known 
quantity of uncut lambda phage DNA. 
AFLP Template Preparation and Amplification 
Restriction-ligation (RL) templates were prepared according to Vos et al. (1995), 
using 100-200ng genomic DNA. Final RL volume was 50^1 for each reaction. 
Preamphûcation was carried out using standard .ECORI (E) and M5E (M) primers containing 
one selective nucleotide E+A and M+C. Preamplification volumes were 30pl with 2U Tbç 
polymerase (Promega), Ix PGR buffer with 1.5mM MgClz (Promega), 0.2mM dNTPs 
(Fisher), 30ng E primer, 30ng M primer, and l|il RL as template. PGR amplifications were 
carried out with 20 cycles of a 30 s denaturation at 94°C, 56°C annealing of 1 min and 72°C 
extension for 1 min. 
Selective amplifications utilized E and M primers with 3 selective nucleotides. 
E-AGC was used in combination with M-CAG, M-CAT, and M-CAC. Reaction mixtures 
were as described for the preamplification except the final volume was lOjul and included 3 fil 
of a 1:20 diluted preamplification product, and 3ng of infrared dye (IRD)-labeled E primer 
(Li-Cor). PCR conditions were as stated in Remington et al. (1999). 1R2 Stop Solution (Li-
Cor) was added to each selective amplification product. 
Detection and Scoring of AFLP Fragments 
AFLP reaction products were resolved on denataturing gels containing 7% Long Ranger 
Polyacrylamide (FMC), 7M Urea, and 0.8 x TBE. Gels were pre-run for 40 min. following a 
3min denaturation at 94°C, Ipl of each sample was loaded. Each gel also contained two 
lanes of an IRD-labeled molecular weight marker (Li-Cor). Electrophoresis was carried out 
on a Li-Cor 4200 DNA Analyzer. Run parameters of 1400V, 35mA, 48°C plate temperature, 
and motor scan speed of 3 were chosen for the 16-bit pixel Tiff image. A 4 hour gel run was 
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selected. Polymorphic fragments were scored using AFLP-Quantar (Keygene) Versionl.O. 
All scored fragments were visually confirmed. 
AFLP Fragment Data Analysis 
A pairwise similarity matrix was generated between each genotype using the dice 
coefficient (Nei and Li, 1979). Pairwise genotypic genetic distances were averaged to obtain 
a genetic similarity matrix on the population level. 
Genotypes were clustered using the program Structure Version 2 (Pritchard et al., 
2000; Pritchard, 2003), which can utilize tetraploid data. #rwcfure was run using an 
admixture model, with a correlated allele frequency model and a burnin length of 20,000 
followed by a run length of 80,000 (Falush et al., 2003). Optimal number of K (populations) 
was accomplished as described in the software documentation (Pritchard, 2003). This same 
program generated a distance matrix among clusters based on allele frequency differences. 
Based on genotypic frequencies (fragment data) and allele frequencies (Arwcfwre, 
simulated) dendograms were made using PHYLIP Version 3.6 (Felsenstein, 2003). Data 
were analyzed with 'Gendist' followed by 'Neighbor' (using neighbor-join method), and 
results were visualized with 'Drawtree'. Node bootstrap values were calculated using 
'Seqboot' (frequency data, 1000 replicates), 'Gendist,' 'Neighbor,' and 'Consense'. 
Environment of Origin Data 
Based on publicly available datasets, the following climate variables were determined 
for the 29 wild and "status unknown" populations on a monthly mean basis: average daily 
temperature (°C), maximum daily temperature (°C), minimum daily temperature (°C), diurnal 
temperature range (°C), cloud cover (%), vapor pressure (hPa), wet days frequency, 
precipitation (mm day"'), snow cover (cm), ground frost frequency, wind speed (m s"'), day 
length (h), radiation (W m^), photosynethicly active radiation (PAR) (W m^), conversion 
factor (Ratio), and maximum vegetative index. The temperature variables, cloud cover, 
vapor pressure, wet days frequency, precipitation, ground frost frequency, wind speed, and 
radiation were based on 30 year average climate data gathered from 1961-1990, calculated on 
a 0.5 x 0.5 degree global grid (New et al., 1999). Snow cover was measured as the average 
monthly depth based on satellite images taken from Oct 1978 to Aug 1987 on a 0.5 degree 
global grid (Chang et al., 1993). Day length was calculated for the 21* day of each month 
based on latitude and a formula described by Forsythe et al. (1995). Photosynthetically 
active radiation (PAR) was calculated based on satellite data collected from Jan 1984 to Dec 
1988 on a 2.5 degree global grid (Pinker and Laszlo, 1997). Conversion factor was measured 
in the same study and represents the ratio of PAR to total shortwave radiation (visible light 
spectrum). Larger ratios indicate that more of the radiation hitting the earth's surface is in the 
range useful for photosynthesis. Maximum vegetative index measures the amount of 
vegetation on the ground and for this study was determined from satellite data collected from 
Jan 1986 to Dec 1989 on a 10 minute global grid by Tateishi and Kajiwara (1993). 
Climate clustering was accomplished on a standardized data set of 192 climate 
variables (16 variables x 12 months) using Ward's method of the PROC CLUSTER feature 
of the SAS statistical software package (SAS, 2000). Number of clusters was estimated 
based on the pseudo-F statistic (SAS, 1994). 
The 192 climate variables were correlated with the 45 morphological variables for a 
data set of 8640 combinations. Correlation averages and comparisons were accomplished 
based on the correlation transformation and stand deviation formulas and methods described 
in Steel and Torrie (1980). 
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A pairwise climate variable population dissimilarity matrix was calculated using the 
average taxonomic distance formula (Sneath and Sokol, 1973). Likewise a pairwise physical 
distance matrix was calculated between each population using the haversine formula 
(Sinnott, 1984; Mathfbrum, 2003). 
Matrix and Cluster Comparisons 
Morphological, climate, and genetic clustering were compared using PROC FREQ of 
the SAS software package (SAS, 2000). Significance of cluster associations was accomplished 
using a tests. Due to small numbers in cells of the frequency tables, a Monte Carlo estimated 
confidence around the f-value was calculated, and the upper confidence interval was used as 
the significance value (SAS, 1999). The uncertainty coefficient was used to quantify the 
association between cluster types and ranges from 0 to 1 with 0 indicating no predictive value of 
one cluster type compared to the other (Theil, 1972; SAS 1994). 
Pairwise similarity and dissimilarity matrices were compared using a Mantel Test 
(Mantel, 1967). The sign of the correlation was changed for similarity by dissimilarity matrices 
comparisons. 
Multiple regression and semi-partial R^ calculations were calculated with PROC REG of 
SAS software package using Type II sums of squares (SAS, 2000). To calculate collinear semi-
partial R2 components total explained variation was partitioned using a Venn diagram, then 
using different regression models and subtraction individual collinearity components were 
calculated (Miller and Miller, 1999; Wuensch, 2002). For categorical partitioning of variation 
(i.e., cluster types), the same calculations were used except variation proportions were 
calculated using PROC MIXED variance component estimates (SAS, 2000). 
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Least significant differences among clusters for morphological traits were approximated 
by averaging all pairwise standard error values generated from the DIFF option of the 
LSMEANS statement of PROC MIXED and multiplying this value by the appropriate t-value 
(SAS, 2000). Unless otherwise noted all significance levels are reported at the 0.05 level. 
RESULTS 
Genetic Divergence 
Molecular marker analysis yielded 139 polymorphic fragments. Primer combination 
E-AGC with M-CAG, M-CAT, and M-CAC yielded 31, 43, and 65 polymorphic fragments 
respectively. 
We used the program Structure to cluster genotypes into groups (Pritchard et al., 
2000). Arwcfwre is a simulation-based program that assigns genotypes probabilistically to a 
user proposed number of populations. Populations are assumed to be in Hardy-Weinberg 
equilibrium. By running multiple simulations with differing numbers of proposed 
populations, an optimal number of populations can be probabilistically determined. 
Structure, in addition to probabilistically assigning genotypes to populations (individuals can 
be admixed between populations), can estimate proposed cluster allele frequencies from 
autotetraploid data. The caveats of the allele frequency estimates are that clusters are 
assumed to be in Hardy-Weinberg equilibrium, and it is unproven if using a model assuming 
admixed individuals with large numbers of dominant molecular fragment data such as AFLPs 
is appropriate (Pritchard, 2003). 
Clustering the genotypes using Arwcfwre showed that seven populations was the best 
fit (Pritchard et al., 2000). However, comparisons of within cluster to between cluster 
genetic distances calculated using the Dice coefBcient with the actual between population 
and within population genetic distances revealed that significant population structure 
remained in the seven genetic clusters (Fig. 2). Between and within cluster distances were 
calculated for grouping the genotypes into one to twelve proposed clusters. A logarithmic 
function fit nicely (R^ = 0.996) through the within population genetic distance data. Genetic 
similarity increased rapidly at first, and then slowing down as the number of estimated 
clusters approached the actual number of 50 populations. Based on the standard errors, we 
estimate that genotypes would need to be clustered into 25 or more clusters to account for 
most of the population structure among genotypes (Fig. 2). 
Despite significant population structure remaining within genotypic clusters, the 
seven clusters accounted for over half of existing population structure. Pairwise t-tests of 
between cluster genetic distances revealed that all clusters were different from one another 
(Table 3). Within genetic clusters significant population structure remains for five of the 
seven clusters (Table 4). Cluster one consisted of the majority of sativa genotypes and 
consistently formed a distinct group, with genotypes being assigned to that cluster with high 
probabilities (Table 4). Even during Structure runs with different numbers of proposed 
clusters, cluster one was consistently distinct. We noted that cluster six has conspicuously 
large within cluster genetic dissimilarity. 
As noted earlier, cluster one contained almost all sativa genotypes, as well as a few 
falcata genotypes. Cluster one falcata, however, usually had lower probabilities of cluster 
assignment (Table 5). The origin of 'IA-3018' has been somewhat of a mystery, since no 
documentation of its creation remains. We suspected, however, that this population may 
have been developed (at least in part) from yellow and cream flowered genotypes selected 
from 'Vernal' or other sativa populations. 'IA-3018' clustering with other sativa germplasm 
supports this hypothesis. Clusters four and seven contained a majority of Asian/Siberian 
germplasm (Table 5). Cluster three and five contained a majority of European germplasm. 
Of particular interest was cluster live which contained all genotypes of PI631857 and 
PI494661 two populations with high proportions of genotypes having a creeping 
rooted/rhizomonus genotype (PI631579 also had evidence of creeping rooted genotypes). 
Cluster six contained all diploid populations and showed no particular geographic 
localization. Cluster two showed no particular geographic localization or other obvious 
association (Table 5). 
We attempted to create phylogenetic trees indicating the relationship among the 
various clusters. Medicago truncatula genotypes were included as an outgroup species. 
However, satisfactory molecular marker fragments were not obtained. Therefore, we chose 
cluster six as the outgroup, as this group contained all diploid falcata, had the greatest within 
cluster distances, and the greatest within population within cluster genetic distances (Table 3; 
4). With cluster six as the outgroup, two phylogenetic trees were generated, one based on 
clustering the genotypic frequencies of each molecular fragment (Fig. 3A) and the other 
based on clustering allele frequencies simulated using Structure (Fig. 3B). Both trees 
appeared similar with cluster six in the center and presumably at the base with an Asian 
radiation (clusters four and seven) and a European radiation (clusters one, two, three, and 
five). There is strong bootstrap in both trees for the Asian radiation (Fig. 3). However only 
the allele frequency tree shows some support within the European radiation (Fig. 3B). The 
resulting trees agree with Skinner (2000), who found evidence of two falcata clusters in 
Eurasia. The trees also agree with proposed evolution of the Medzcago aafmz complex 
beginning with diploid genotypes in the Caucasus Mountain region and falcata radiating 
north into Russia and sativa spreading east, south, and west (Quiros and Bauchan, 1988). 
The only discrepancy being the sativa cluster (cluster one), which theoretically should be at 
the base of the tree. While using .Sfrwcfwre to cluster genotypes the sativa cluster was always 
the most distinct. Since the majority of sativa genotypes used in this study are from elite 
germplasms, derived from European sativa sources, we hypothesize, therefore, that the sativa 
cluster is not at the base of the tree due to long-term introgression between European sativa 
germplasm and Russian and Eastern European falcata germplasm. This is a possible reason 
for seeing sativa genotypes clustering with European falcata rather then at the base of the 
falcata tree. 
Genetic Clusters and Morphology 
After partitioning genotypes using molecular markers, we asked two questions: (1) 
Are specific morphologies associated with genetic clusters? and (2) Which of the clusters has 
useful germplasm for breeding purposes? Clusters two, three and five had parental biomass 
yields during all three harvests that were equivalent to the biomass yields for the sativa 
cluster (Table 6). Clusters two and five had superior hybrid biomass yield during first 
harvest compared to the sativa cluster. During subsequent harvests, cluster five had the 
highest hybrid biomass yield of any cluster. As with parental biomass yield, clusters two, 
three, and five represented the superior clusters in terms of hybrid biomass yield. Cluster 
two and five showed superior heterosis during first harvest, with cluster five continuing to 
show good heterosis during second and third harvests (Table 6). The sativa cluster had poor 
heterosis during first harvest. Clusters six and seven showed inferior heterosis during second 
and third harvests. 
Not many differences were observed for plant width between the genetic clusters. 
However, for plant height the sativa cluster as expected was tallest during each harvest for 
hybrids and parental entries (Table 6). Genotypes in cluster two approached the heights 
achieved in the sativa cluster during each harvest. The next tallest clusters after two was 
cluster three. Growth angle measurements were similar to plant height measurements (Table 
6). 
During the first harvest not many differences were observed between clusters for 
biomass density for parental and hybrid entries (Table 6). Only for parental entries during 
third harvest did clusters show major differences with clusters three and five showing high 
biomass density and clusters two and six showing low biomass density. Rapid maturity was 
observed for clusters one, four, and seven for both parental and hybrid entries during first and 
second harvest (Table 6). For parental entries during third harvest the sativa cluster had the 
most rapid maturity and clusters three and four having the slowest maturity. Other than the 
sativa cluster having superior regrowth during all three regrowth periods for parental and 
hybrid entries, cluster two had the fastest regrowth of the remaining clusters (Table 6). 
Climate of Origin Clustering and Morphology 
Falcata genotypes that perform well in hybrid combination with sativa can be 
predicted in part by geographical origin (Riday, 2003, Chapter 3). The genetic clusters 
partially reflect geographical distribution, but we wanted to probe the selective influence of 
the environment of origin directly. Accordingly, we clustered populations using climate of 
origin variables. The populations split cleanly into Asian and European populations, each of 
which bifurcated into northern and southern populations (Fig. 4). Clusters 1 and 2 represent 
the southern and northern European populations. Clusters 4 and 5 represent the northern and 
southern west-Asian populations, while clusters 3 and 6 represent the northern and southern 
east-Asian populations. 
Morphologically, the wild germplasm was more decumbent and slower regrowing 
than "semi-improved" germplasm (Riday, 2003, Chapter 3). Climate Cluster 1, the southern 
European cluster, consistently had good parental and hybrid growth, density, height, and 
regrowth (Table 7). Cluster 1 had superior performance in comparison to other clusters, 
especially in the autumn period. 
Examining biomass yield of parental entries for all three harvests among the climate 
clusters showed cluster one with the highest yield and cluster six with the lowest yield and 
the remaining clusters intermediate (Table 7). The two European clusters had the highest 
hybrid biomass yield for all three harvests, with cluster six again having the lowest. The two 
European clusters also had superior heterosis, especially cluster two (Table 7). Clusters 4, 5, 
and 6 had negative heterosis in most cases. 
Not many differences were seen between clusters for parental and hybrid plant width 
(Table 7). Parental plant height followed a similar pattern to biomass yield, with cluster one 
being the tallest across all harvests. Few differences were observed between clusters for 
hybrid plant height for the three harvests (Table 7). Growth Angle showed a similar pattern 
to plant height for parental and hybrids. During first harvest cluster 1 and 4 had superior 
parental plant density. During second harvest clusters 1,3, and 4 had superior density, while 
during third harvest only cluster 1 had superior parental biomass density (Table 7). No major 
differences were noted for hybrid plant density during all three harvests. In general cluster I 
had the highest hybrid biomass density and cluster 6 had the lowest. 
Cluster 1 and 4 had the most rapid parental maturity during first harvest (Table 7). At 
second harvest cluster 6 had the most rapid parental maturity. During final harvest clusters 1, 
5, and 6, the southern clusters were most mature. Not many differences were noted between 
clusters for hybrid maturity, except during third harvest where clusters 1 and 6 were most 
mature. During the first and second harvest not many differences were seen between clusters 
for parental regrowth, however, during third harvest cluster 1 had the most regrowth (Table 
7). Among hybrid regrowth entries cluster 1 had superior regrowth throughout the year, 
while few differences were noted between the other clusters. 
Comparing Cluster and Data Types 
The compilation of genetic, morphological, or climate of origin data for this 
experiment allows us to assess their value for predicting parental or hybrid performance. This 
information would allow breeders to weigh the costs and benefits of obtaining different types 
of data. First, we used chi-square tests to determine the similarities among the genetic and 
climate of origin clusters reported above, the morphological clusters reported previously 
(Riday, 2003; Chapter 3, Table 8), and a simple European-Asian partition of populations 
(division made at 60°E longitude). Defining clusters requires many data points to be 
successful. Correlating similarity matrices defines relationships between the data types with 
less data, and in this case, also allows us to incorporate a physical distance matrix, as well as 
to examine collinearity of data types. Significant similarities were found in all pairwise 
combinations between the four cluster types (Table 9). Second, an uncertainty coefficient 
was computed to quantify the predictive value of one type of data to the other. Since, the 
grouping is categorical uncertainty coefficients are not necessarily the same in both 
directions, therefore reciprocal coefficients are reported as well. Morphological clusters 
were predictive of genetic clusters and vice versa with an uncertainty coefficient of 0.32. 
Using morphological or genetic clusters to predict climate of origin clusters revealed 
coefBcients of 0.36 and 0.23; the reciprocal coefficients were similar (Table 9). Not 
surprisingly, climate was more predictive of continental groups than were either genetic or 
morphological clusters (Table 9). 
We next evaluated correlations between the morphological, genetic, and climate 
matrices on a genotypic (genetic-morphological only) and population mean basis (Table 10). 
A very low correlation (0.10, p<0.001) was observed between genetic and morphological 
pairwise similarity on a genotype basis, but the correlation rose to 0.21 (p<0.001) when only 
within population distances were correlated. This correlation indicates that the genetic data 
explains -4% of the observed parental morphological variation. In order to determine if 
particular genetic loci were involved, we correlated individual molecular marker fragments 
with parental and hybrid biomass yield and heterosis. This analysis was done using a single 
factor ANOVA with populations as treatments and the molecular marker as a covariate. The 
strongest f-values for individual markers were 0.01 - 0.001 but using a permutation test 
(Lynch and Walsh, 1998), none of these remained significant. Further, none of low f-value 
fragments were polymorphic between parents of a tetraploid population being used to 
identify chromosomal regions associated with biomass production (Robins et al., 2003). On 
a population basis, genetic, morphological, and climate similarity matrices were correlated 
with one another (Table 10). Physical distance was highly correlated with climate similarity 
between populations (r = 0.61, p<0.001). Small correlations were observed between physical 
distance between populations and genetic and morphological similarity. 
We performed a multiple regression to determine the proportion of genetic and 
morphological similarity that was explained by the other data types. The multiple regression 
of morphological and climate similarity and physical distance explained 12% of the genetic 
similarity (Table 11). Semi-partial R^ values indicated that morphological similarity had the 
greatest unique effect (6%) of the three independent variables on the genetic similarity 
variation. Climate similarity and physical distance together explained 3% of the variation in 
genetic similarity, while each variable alone only explained 1%. The multiple regression of 
genetic and climate similarity and physical distance onto morphological similarity explained 
10% of the variation. Uniquely, genetic similarity explained more variation than climate 
similarity (5% versus 2%, respectively). Physical distance explained almost none of the 
variation and none of it uniquely. 
Predicting Biomass Yield and Heterosis 
From a plant breeding perspective, any data sources that help predict hybrid biomass 
yield and heterosis in sativa-falcata hybrids are of interest. For total yearly hybrid biomass 
yield, climate clusters explained 34% of the variation, followed by morphological (28%) and 
genetic (23%) clustering (Table 12). The most variation was explained during first and 
second harvest by climate clusters, and during third harvest, by genetic clusters. Biomass 
yield heterosis showed a similar pattern, except r^ values were lower and morphological 
clusters didn't explain a significant proportion of heterosis variation. 
Semi-partial R^ were calculated, in order to determine which of the three parental 
cluster types (morphological, genetic, and climate) explained a unique amount of variation 
and to determine how much of the variation explained was collinear among the clusters. 
Hybrid biomass variation explained by the combined models was 44% for total yearly 
biomass yield, and 37%, 49%, and 43% for first, second, and third harvest, respectively 
(Table 12). Morphological clusters alone explained -10% of total yearly and first and 
second harvest yield, climate clusters explained 19% of first and 9% of second harvest yield, 
and genetic clusters explained 15% of third harvest yield. Collinearity of 12% and 22% 
among all three data types was observed for total yearly and third harvest hybrid biomass 
yield. Large collinearities for total yearly and second harvest yield were observed between 
genetic and climate data and between morphological and climate clusters. Almost no 
collinearity was observed between morphological and genetic clusters. 
Using the combined model, hybrid biomass yield heterosis R2 values ranged from 
22% to 32% across different measurement periods (Table 12). Parental morphological 
clustering contributed little toward explaining heterosis variation. Climate clusters uniquely 
represented half of the total R2 for total yearly and second harvest biomass heterosis; the rest 
of the variation was collinear between genetic and climate clustering. During first harvest, 
climate clustering accounted for almost all explained variation (Table 12). During the third 
harvest genetic clusters alone accounted for over half the R2, with the rest being collinear 
between genetic and climate clusters. The combined model, however, for third harvest was 
not significantly different from zero. 
Since climate similarity and physical distance are highly correlated (Table 9), we ran 
a multiple regression with biomass yield and heterosis as the dependent variables and latitude 
and longitude as the independent variables (Table 13). Using this model, rough heterotic 
performance could be estimated for wild germplasm based on latitude and longitude origin 
information alone. These models explained 24% to 28% of hybrid biomass yield variation 
and 15% to 22% of biomass heterosis variation for different measurement dates. The partial 
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slopes for longitude were always negative and for latitude, always positive. The sign of the 
slopes indicate that, within the sample range, biomass yield and heterosis are decrease from 
west to east and increase from south to north. The semi-partial R? for latitude was greatest 
during first harvest and not significant during third harvest for hybrid biomass yield or 
heterosis. The longitude semi-partial was greater than the latitude semi-partial R^ for all 
hybrid biomass yield and heterosis measurements except during first harvest. The largest 
longitude semi-partial R2 was observed during third harvest. 
Climate Variables Influencing Morphology 
Climate clusters during most harvests explained the most sativa by wild falcata hybrid 
biomass yield and heterosis variation. Only wild falcata germplasm was included in analyses 
involving climate variables. We wanted to analyze what aspect of the climate of origin of the 
wild falcata was most influential in affecting falcata morphology and their corresponding 
sativa-falcata hybrid morphology. Therefore, every morphological trait measured on parental 
and hybrid entries was correlated with every climate variable trait during each month of the 
year. For each climate variable, the resulting correlation series over months for each 
morphological trait was graphed (Fig. 5). Minimum daily temperature, maximum daily 
temperature, and average daily temperature had very similar correlations. However, because 
minimum daily temperature always had the greatest correlation values of the three, it is the 
only one reported. A similar pattern was seen between precipitation and number of wet days, 
so only precipitation was reported. Since day length was based on a formula, all months had 
the same correlation values, with spring equinox to autumn equinox time periods having the 
opposite correlation sign than winter time periods. Therefore, no day length graph is 
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included. Examining the remaining 12 graphs revealed that correlations for a majority of 
morphological traits varied throughout the year for many climate traits (Fig. 5). 
Defining Climate variable time periods 
For further analysis, months were grouped by similar correlation patterns for each 
climate trait. Months where the vast majority of morphological traits did not show 
significant correlations were not analyzed further. Significance was defined as r = ±0.34 and 
represented as a dashed line on the graphs. The r value represents the P < 0.05 significance 
level for one parental or hybrid morphological trait, measured during one harvest, correlated 
with one climate variable, measured for one month. Cloud cover was divided into two 
significant correlation time periods: November through April showed moderately strong 
correlations, and May and June had a noticeable increase in correlation strength. Conversion 
factor was divided into three significant time periods: the first with moderate correlations 
from January through May; the second where correlations flip signs in June and July; and the 
third with a change in sign again including October and November (Fig. 5). Diurnal 
temperature range showed little variation during the year; all months grouped into one time 
period with July and August dropped due to non-significance. Frost was divided into two 
time periods, one from September through May and the other from June through August (Fig. 
5). Minimum daily temperature was divided into two periods, with only the period from 
September through March being retained for further analysis. Photosynthetically active 
radiation shows increasing absolute correlation values towards June, the month of the 
summer equinox, before falling off dramatically. Two time periods for further analysis were 
defined as September through April and May and June. For precipitation, one significant 
time period included September through June. Radiation has two significant time periods: 
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October through April with moderate correlations, and May and June with stronger 
correlations. Snow cover correlations were pretty constant during months in which snow was 
present (November through April). Vapor Pressure correlations were constant throughout the 
year and all months were included in one time period for further analysis. Vegetative index 
was divided into two periods, the first with weaker correlations from July through 
September, and the second with stronger correlations from October through December. No 
surprisingly, few significant correlations were observed for wind speed and this variable was 
not analyzed further. June day length was included for further analysis. 
Harvest Differences 
Correlations were averaged across time periods and all morphological trait 
correlations were averaged by harvests, then correlations between climate time periods and 
harvests were compared (Table 14). Correlations were different between each harvest for 
cloud cover November through April, photosynthetically active radiation September through 
April, radiation October through April, and snow cover November through April (Table 14). 
No differences were observed between harvests for cloud cover May through June, 
conversion factor June through July, frost June through August, photo synthetically active 
radiation May through June, radiation May through June, and vegetative index October 
through December (Table 14). 
Maximum morphological correlations were observed during first harvest for cloud 
cover November through April, June day length, and radiation October through April (Table 
14). Maximum correlations were observed during third harvest for conversion factor January 
through May and October through November, Frost September through May, minimum daily 
temperature September through March, snow cover November through April, vapor pressure. 
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First and third harvest had equivalent mean morphological correlations for diurnal 
temperature range September through June, and precipitation September through June (Table 
14). 
Morphological Trait by Climate Variable Time Period Correlations 
Finally we examined individual morphological trait correlations based on parental or 
hybrid entries with climate variable time periods (Table 15). Parental and hybrid biomass 
yield had similar correlation pattern, with positive correlations between 0.3-0.5 observed for 
cloud cover November through April, minimum daily temperature September through 
March, and vegetative index July through September and October through December (Table 
15). Negative correlations between 0.3-0.5 were noted for conversion factor June through 
July, diurnal temperature range September through June, Frost September through May, and 
June through August, photosynthetically active radiation September through April, and 
radiation October through April. Positive correlations above 0.5 were noted for vapor 
pressure, and negative correlations above 0.5 for photosynthetically active radiation May 
through June. Biomass heterosis had correlations in the positive range for day length, 
minimum daily temperature September through March, and vapor pressure (Table 15). 
Negative correlations with heterosis were seen for conversion factor June through July, Frost 
September through May and June through August, photosynthetically active radiation 
September through April and May through June, and snow cover November through April. 
Different climate variables time periods were correlated with plant width in parental 
entries compared with hybrid entries (Table 15). Weak negative correlations for parental 
entries were observed with frost June through August, and photosynthetically active radiation 
September through April and May through June. Negative correlations for hybrid entries 
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were observed for cloud cover May through June (above 0.5), conversion factor January 
through May and October through November, precipitation September through June, and 
vegetative index October through December. A positive correlation was observed between 
hybrid plant width and radiation May through June (Table 15). 
Parental entry plant heights and growth angles had a similar pattern of correlations 
with climate variable time periods (Table 15). Positive correlations from 0.3-0.5 were seen 
for cloud cover November through April and May through June, conversion factor January 
through May (0.5 for growth angle), precipitation September through June (>0.5 for growth 
angle), and vapor pressure (<0.5 for growth angle). Positive correlations greater than 0.5 
were seen for conversion factor October through November, minimum daily temperature 
September through March, and vegetative index October through December (Table 15). 
Negative correlations from 0.3-0.5 were observed for diurnal temperature range September 
through June, photosynthetically active radiation May through June, radiation May through 
June, and snow cover November through April. Negative correlations greater than 0.5 were 
observed for diurnal temperature range September through May (Table 15). Two 
correlations were observed for parental entry plant heights that were not observed in parental 
entry growth angle measurements, radiation October through April (-0.3) and vegetative 
index July through September (0.32). 
Hybrid plant heights and growth angle had different correlations patterns with climate 
variables (Table 15). Hybrid plant height was positively correlated with conversion factor 
October through November, minimum daily temperature September through March, and 
vapor pressure. Negative correlations were observed with photosynthetically active radiation 
May through June, and snow cover November through April. Hybrid plant height was 
105 
correlated with many climate variables only during the third harvest (Table 15). Hybrid 
growth angle was positively correlated with cloud cover November through April and May 
through June, conversion factor January through May and October through November, 
precipitation September through June, and vegetative index October through December 
(Table 15). Negative correlations were noted for photosynthetically active radiation May 
through June, and radiation May through June. 
Few correlations were observed for parental biomass density with climate variables 
(Table 15). A negative correlation was observed with photosynthetically active radiation 
May through June, and a positive correlation was seen with vegetative index July through 
September. Hybrid biomass density correlations followed a similar pattern to biomass yield 
correlations (Table 15). Positive correlations were observed with cloud cover November 
through April, minimum daily temperature September through March, precipitation 
September through June, vapor pressure, and vegetative index July through September and 
October through December. Negative correlations were noted with conversion factor June 
through July, diurnal temperature range September through June, photosynthetically active 
radiation May through June, and radiation October through April. There was a tendency for 
first and second harvest biomass densities to be correlated while third harvest measurements 
were not. 
Few correlations were noted with maturity (Table 15). Parental maturity and 
conversion factor January through May was correlated, as well as, hybrid maturity and Frost 
June through August. Although across harvests few significant correlations were observed, 
for parental maturity during individual harvests correlations with climate variables were 
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often observed (Table 15). Third harvest hybrid maturity was often correlated with climate 
variables. 
Hybrid regrowth had stronger correlations with climate variables than parental 
regrowth (Table 15). For parental regrowth positive correlations were observed for 
conversion factor January through May and October through November (>0.5), minimum 
daily temperature September through March, precipitation September through June, vapor 
pressure, and vegetative index July through September and October through December 
(>0.5). Negative correlations were observed for diurnal temperature range September 
through June, frost September through May, and snow cover November through April. 
Usually second and third harvest parental regrowth was significantly correlated with climate 
variables. Hybrid regrowth was positively correlated with cloud cover November through 
April and May through June (>0.5), conversion factor January through May and October 
through November (>0.5), minimum daily temperature September through March, 
precipitation September through June (>0.5), vapor pressure, and vegetative index July 
through September and October through December (>0.5) (Table 15). Negative correlations 
were observed with frost September through May and June through August, 
photosynthetically active radiation May through June, radiation May through June (<-0.5), 
and snow cover November through April. 
DISCUSSION 
Genetic clustering supports the generally accepted relationship distinguishing sativa 
and falcata germplasm (Quiros and Bauchan, 1988). Sativa-falcata hybrid performance is 
associated with molecular marker differentiation and parental morphological divergence, but 
a stronger relationship occurs with climate of origin. In terms of heterosis, climate of origin 
explains most of the variation; the variation explained by genetic differentiation is mostly 
collinear with climate variation. The highest yielding sativa-falcata hybrids derived from 
falcata genotypes originating in Europe, which also produced more biomass se than 
Asian falcata. Hybrids developed with European falcata germplasm exhibit higher heterosis 
than those from other falcata genotypes, suggesting that favorable allelic complementation 
with elite sativa germplasm is more likely with the former germplasm group. 
Since the proportion of genetic differentiation explaining biomass heterosis is 
subsumed in the larger proportion explained by climate of origin differences, we concluded 
that genetic drift or other non-selective force was not the only cause of sativa-falcata 
heterosis. Environmental selection on genes not affecting the morphological traits measured 
in this study is a likely cause of sativa-falcata heterosis expression. The climate variables 
associated with increased heterosis often appear contradictory; for example, heterosis showed 
a negative correlation with frost frequency and snow cover but a positive relationship with 
minimum daily temperature (Table 15). However, as snow cover acts as an insulating 
blanket, these data can be partially reconciled by concluding that plants selected to survive 
cold temperatures without snow cover have increased sativa-falcata heterosis. An increased 
June day length, associated with northern climates, is positively associated with heterosis, 
while increased photosynthetically active radiation is negatively correlated. These 
correlations offer food for thought to possible selective forces that would lead to increased 
sativa-falcata heterosis, yet they do not clearly point to a particular physiological mechanism. 
From a plant breeding perspective, identification of candidate genes at which 
complimentary "heterosis" alleles reside would be most useful for sativa-falcata hybrid 
development. This is a formidable task since finding and utilizing genetic markers associated 
108 
with complex traits such as biomass yield per se remains difficult. In alfalfa, yield is usually 
measured as the total above ground dry matter biomass yield, usually collected from multiple 
harvest dates. Biomass yield is composed of many interacting complex traits, such as regrowth, 
growth form, stem number, dormancy, and others. Analyzing how yield components, many of 
which are also traits of interest, combine to produce heterosis may lead to effective pre-selection 
of falcata genotypes for sativa testcrosses. However, because gross morphological 
differentiation is not highly associated with sativa-falcata heterosis, genetic analysis of 
morphological components of yield might not identify biomass yield heterosis genes. 
Besides "visible" yield components observable in potential parental genotypes, plants 
have regulator genes, which allow them to react to the environment around them. These 
regulatory genes or genetic elements may not have obvious phenotypes. However, populations 
that have adapted to specific environments by natural selection over thousands of years 
undoubtedly vary at important regulatory loci due to environmental effects resulting in 
correlations between plant growth pattern in a common environment and climatic variables 
measured at the location in which a genotype originated. 
We can then begin to identify genes affected by environment of origin variables and 
map them onto a specific phenotype. This could be done by correlating an environment of 
origin variable with a molecular marker's frequency within a number of populations, which 
come from environments differing for the climate variable. There are two challenges to this 
approach linkage and drift. This approach would require the existence of linkage 
dissequilibrium between the putative gene of interest and molecular markers used to screen for 
it. Since "wild" populations would be used the expectancy of linkage dissequilibrium would be 
reduced. Candidate genes (or cDNAs) would be better markers to use, since hitting the putative 
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gene directly would reduce linkage issues. The second issue arises because of genetic drift. 
Local environments are most likely confounded with genetic populations. Differing allele 
frequencies could easily arise between populations due to drift. If the climate variable is on a 
cline, correlations between the cline and allele frequencies in successive populations could 
easily be due to drift rather than the climate variable. To reduce such a possibility multiple 
clines for the climate variable could be examined which would reduce the possibility of drift 
correlations appearing. 
The next step would be to confirm that the candidate gene is affected by the climate 
variable of interest. Individuals that have the associated allele could be compared to individuals 
that do not have the associated alleles using expression arrays generated from the plants being 
grown in common environments, differing for the climate variable. 
Climate data is freely available, populations with known origins can be easily be ordered 
from genebanks. The first part of the above described process requires no fieldwork, but only 
access to markers and a PCR machine. If random markers are used the odds of success are low. 
However, with high throughput genetic screening lots of markers could be screened. If more 
expensive candidate genes are available they increase the probability of success. Confirming 
the putative marker/gene correlated with the climate of origin variable would be a bit more 
expensive requiring expression-array and fieldwork. 
Finally closing the circle, if there is evidence that the specific climate variable is 
associated with, say, biomass heterosis (example, low photosynthetically active radiation 
[PAR]). Putative candidate marker/genes correlated with the climate of origin variable could be 
correlated with testcross progeny performance to determine if the markers are associated with 
heterosis. Even unconfirmed putative markers, using expression-arrays, could be used. To 
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confirm such markers as "heterosis" markers would require selecting genotypes based only on 
marker complementation between the two populations for one generation and determining if the 
increased allele frequency differential between the two populations is associated with an 
increase in heterosis. 
It is particularly interesting that the winter environment is most often associated with 
morphological differentiation. A study is underway to map quantitative trait loci (QTL) 
associated with fall dormancy and winterhardiness together with physiological and biochemical 
traits subtending the ultimate phenotypes (Brouwer et al., 2000; Alarcôn-Zù&iga et al., 2003). 
Any QTL associated with candidate genes represent good starting points to probe genes 
associated with increased heterosis. In fact, candidate genes associated with winter survival in 
other species might also be useful in alfalfa. 
Even without genetic markers, a sativa-falcata breeding program could easily be 
implemented. From this study, we have isolated genetically, morphologically, and 
geographically/climatically the falcata germplasm showing the best heterosis and the most 
desirable growth form. The crucial next step is population development and selection. Due to 
low heritabilities, no substitute for testcrossing and progeny testing exists for a sativa-falcata 
hybrid breeding program (Riday, 2003). If selection and progeny testing are neglected, progress 
towards improved cultivais will be slow or non-existent. At this time, molecular markers are 
not a viable substitute for progeny testing. 
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Table 1. Origin and number of genotypes selected from 44 populations used in this study. 
Population Originf No. t Population Qriginf No. | 
Wild Germplasm 
1. PI 631591 9°38', 47° 15' 2 15. PI 631608 84°00', 29°00' 3 
2. PI 251836§ 11 ° 19', 44° 10' 1 16. PI 631612 84°00', 29°00' 3 
3. PI 6315791 13=29', 45°52' 3 17. PI 631601 84°38', 44°09' 4 
4. PI 2534511 16=38', 46°22' 1 18.PI 538993# 85°53', 50°50' 3 
5. PI 631796 16°38',49°12' 5 19. PI 577561 85°59', 52°00' 4 
6. 5291/88 (Inst. Agrobotany Hng.) 17°52', 47° 12' 1 20. PI 499661/4# 88°31',44°05' 2 
7. 5299/88% (Inst. Agrobotany Hng.) 17°55', 47° 13' 1 21. PI 631645 102°34', 47°23' 5 
8. PI 631857 18°37', 57°17' 4 22. PI 631639 112°00', 47°30' 3 
9. PI 494661]# 23°25', 46°55' 5 23. PI 499548 116°02', 43°58' 1 
10. PI 494658§ 26°54', 46°34' 1 24. W6 16608 118°06', 48°00" 1 
11. PI 502441# 43°53', 46° 11' 5 25. PI 631806# (North Russia) 4 
12.PI384890§ 55°01', 36°25' 1 26. PI 573175# (China) 3 
13. PI 538985# 56° 19', 50°50' 5 27. PI 631811 (South Kazakhstan Pro.) m 
14. PI 4405391 76°57', 43° 15' 1 
"Improved" Germplasm 
28. PI 631620| (Yarkendy Type) 77°00', 34°00' 2 31. PI 502453# (Pavlovskaya) (Russia) 4 
29. PI 631597# (Krasnokutskaia) 45°55',51°30' 5 32. PI 6317971 (Russia) 3 
30. PI 6315961 (Altaijskaia Zioltaia) 91°48', 53°27' 2 33. PI 6317991 (Latvia) 2 
Status Unknown Germplasm 
34. PI 2142181 (Denmark) 1 35.PI 3140921# (South Russia) 4 
American Germplasm 
36. IA-3018# (Iowa State Unv.) (Iowa) 5 39. WISFAL# (PI 560333) (Wisconsin) 5 
37. Lodgelandf (South Dakota St. Unv.) (South Dakota) 2 40. PI 4680151 -107°48',51°25', 1 
38. SD 201 (South Dakota St. Unv.) (South Dakota) 1# 
Elite Sativa Germplasm 
41. Pioneer Hi-Bred (Upper Midwest) 5 43. Hungarian (Forage Genetics) (Hungary) 3 
42. Forage Genetics (Upper Midwest) 3 44. ABI Alfalfa (Innovator +Z, Imbrd.) (Upper Midwest) 5 
t Longitude, Latitude 
| Number of genotypes per population selected. 
§ Wild sativa population. 
f Populations contains some genotypes with variegated flowers. 
# Populations from which genotypes were visually and randomly selected. 
tt P1499661 and P1499664 (one genotype from each population [PI499664 is listed as a sativa population in GRIN, however all genotypes in the 
population are yellow flowered, we assume a classification error was made and treat the genotypes as if from the same population]). 
# Colchicine doubled (2x—>4x ploidy). 
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Table 2. Additional genotypes for 
which only molecular marker 
analysis was conducted. 
Population Origint No.} 
Wild Germplasm 
PI314713§ 77°50',43°33' 
PI 5389811 91°48',53°27' 
American Germplasm 
PI 578248 (Colorado) 
PI 578254 (Colorado) 
PI 631828? (Alaska) 
Elite Sativa Germplasm 
ABI Alfalfa (Upper Midwest) 
f Longitude, Latitude 
% Number of genotypes per population 
selected. 
§ Wild sativa population. 
1 Diploid populations. 
# This genotype is C25-6 used in Riday and 
B rummer (2002ab) and Riday et al. 
(2002;2003). 
ff These genotypes are ABI311, ABI314, 
ABI408, and ABI419, used in Riday and 
B rummer (2002ab) and Riday et al. 
(20022003). 
1 
1 
1# 
1 
1 
4# 
119 
Table 3. Genetic Cluster comparisons using average pairwise dice 
distance difference between, within group distances and between 
group distances shown above the diagonal. On the diagonal are 
within group average pairwise dice distances. Below the diagonal are 
average allele frequency differences based on allele frequencies 
estimates within groups proposed by Arwcfwre (Pritchard et al., 2000). 
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 
Group 1 0.71 f 0.06§ 0.04 0.08 0.06 0.05 0.06 
Group 2 0.20$ 0.72 0.05 0.07 0.07 0.05 0.06 
Group 3 0.14 0.12 0.69 0.04 0.05 0.03 0.05 
Group 4 0.23 0.14 0.10 0.67 0.06 0.04 0.03 
Group 5 0.24 0.20 0.16 0.19 0.73 0.05 0.07 
Group 6 0.14 0.11 0.06 0.07 0.13 0.61 0.04 
Group 7 0.20 0.16 0.13 0.13 0.19 0.11 0.70 
f Dice distances and distance differences shown on and above the diagonal are based on 
125 genotypes shown in table 1. 
Î Allele frequency differences are based on 134 genotypes for which DNA was sampled 
in this study. 
§ All pairwise distance differences were significant at P < 0.05. 
120 
Table 4. Average genetic distance 
comparison within genetic groupings 
between within population distances versus 
between population distances. Average 
cluster genotypic assignment probability. 
Genetic Group Within Population 
Between 
Population 
Average 
Probability 
Group 1 0.74" 0.70 0.78 
Group 2 0.76** 0.71 0.71 
Group 3 0.72NS 0.69 0.68 
Group 4 0.73"' 0.67 0.68 
Group 5 0.79'" 0.71 0.71 
Group 6 0.71" 0.61 0.67 
Group 7 0.76" 0.70 0.73 
No Grouping 0.73'" 0.65 0.72 
*, **, and *** within genetic group within and between 
population distances significant at the P = 0.05, 0.01, 
and 0.001 level, respectively. 
NS not significant. 
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Table 5. Clustering of populations into seven groups 
based on highest probability values determined by 
for each genotype (Pritchard et al., 2000). 
St 
PI251836, PI631579 (66%), PI253451, PI631796 (20%), 
PI494658, PI384890, PI314713}, IA-3018 (80%), 
^ ' PI578248}, PI578254}, Pioneer Hi-Bred, Forage Genetics, 
Hungarian, ABI Alfalfa (Innovator) (80%), ABI Alfalfa} 
Group 2 5291/88 (50%), PI631608 (33%), PI631797 (33%), IA-3018 (20%), Lodgeland (50%), WISFAL 
PI631796 (60%), 5299/88, PI538985 (20%), PI631806 
Group 3 (25%), PI573175 (33%), PI631597, PI502453 (75%), 
PI314092 (25%), Lodgeland (50%) 
PI502441 (20%), PI631612 (33%), PI538993, PI577561 
Group 4 (75%), PI631645, PI631639, PI499548, PI573175 (33%), 
PI314092 (25%), PI468015 
PI631579 (33%), PI631796 (20%), PI631857, PI494661, 
"P ABI Alfdfa (Innovator) (20%) 
PI631591§, 5291/88$ (50%), PI502441 (60%), PI538981*, 
PI440539, W6 16608, PI573175 (33%), PI631811, 
uroupo PM315W; (50%), PI631799, PI214218, PI314092 (25%), 
SD-201,PI631828$ 
PI538985 (80%), PI631608 (66%), PI631612 (66%), 
_ ^ PI631601, PI577561 (20%), PI499661/4, PI631806 (75%), 
"P PI631620, PI631596 (50%), PI631797 (66%), PI314092 
(25%) 
t Group 1 contains almost all sativa genotypes. 
} Only molecular genetic analysis was performed on these populations. 
§ Two genotypes from this accession were included in this study; 
however, DNA was obtained from only one of these genotypes. 
Table 6. Parental and hybrid morphological trait means, during three harvests, based on experiment 
wide means of two Iowa locations during 2001 and 2002, for seven genotypic clusters, clustered using 
Structure (Pritchard et al., 2000). 
Cluster 
Biomass 
Yield 
Harvest 
1 2 3~ 
Biomass 
Heterosis 
Harvest 
1 2 3 
Plant Width Plant Height 
Harvest Harvest 
1 1 
Growth 
Angle 
Harvest 
1 2 : 
Biomass 
Density 
Harvest 
1 2 f 
Maturity 
Harvest 
1 2 Î 
Regrowth 
Harvest 
• g plant"1 cm- —-— — deg° — 
Parental Means 
-3 
• mg cm — score • — cm -
Group If 93 77 55 -4 1 1 30 29 27 54 50 48 52 60 57 1.4 1.8 1.3 4.1 6.2 4.9 17 16 14 
Group 2 94 63 54 5 -1 3 33 27 27 53 45 41 49 58 51 1.3 1.6 1.5 3.9 5.6 4.7 10 11 8 
Group 3 80 64 45 1 -0 0 31 27 26 41 37 29 43 53 45 1.4 1.9 1.7 3.7 5.5 4.1 9 10 7 
Group 4 53 54 32 1 0 -2 32 29 26 27 27 18 27 42 32 1.2 1.9 1.6 4.1 5.9 4.1 8 8 6 
Group 5 81 58 54 6 7 6 34 29 30 38 32 30 36 46 40 1.4 1.9 1.9 3.9 5.7 4.4 9 10 7 
Group 6 55 46 30 0 -2 -1 30 27 25 38 32 26 39 50 43 1.1 1.6 1.2 3.7 5.7 4.5 9 9 6 
Group? 59 47 29 -2 -3 -4 33 29 26 30 25 20 28 40 34 1.4 1.9 1.5 4.1 6.1 4.4 8 8 6 
LSD 19 14 12 7 5 4 5 3 3 9 7 7 7 6 7 0.3 0.4 0.4 0.4 0.3 0.4 2 2 2 
Hybrid Means 
Group 1 93 75 56 31 28 26 65 56 54 58 63 63 1.3 1.6 1.3 4.3 6.2 5.0 18 17 15 
Group 2 102 71 58 —- 33 29 27 65 54 51 56 62 60 1.3 1.5 1.3 4.3 6.0 4.7 14 14 11 
Group 3 97 71 53 —- 33 29 28 60 52 45 54 61 56 1.4 1.6 1.4 4.1 5.9 4.6 13 13 10 
Group 4 95 70 49 36 31 30 58 49 40 50 57 51 1.3 1.6 1.4 4.4 6.0 4.5 11 12 8 
Group 5 102 78 61 36 31 31 60 49 46 51 58 53 1.3 1.8 1.4 4.3 6.0 4.7 13 13 10 
Group 6 94 67 50 34 29 27 62 51 45 54 60 56 1.3 1.5 1.3 4.3 5.9 4.7 13 13 9 
Group? 92 66 47 35 30 29 57 47 41 51 57 52 1.3 1.6 1.3 4.4 6.1 4.6 12 12 9 
LSD 7 5 4 2 2 2 3 3 3 3 2 3 0.1 0.1 0.1 0.2 0.1 0.2 2 1 1 
t Group 1 contains most of the sativa genotypes. 
Table 7. Parental and hybrid morphological trait means, during three harvests, based on experiment 
wide means of two Iowa locations during 2001 and 2002, for six climate clusters using Ward's Method 
(SAS, 1994). 
2% maturity Regrowth 
Harvest Harvest Harvest Harvest Harvest Harvest Harvest Harvest 
1 2 3  1 2 3  1 2 3  1  2  3  1  2  3  1 2 3  1  2  3  2  3  4  
g plant' i 
-
— cm — deg° — - mg cm •3 — score cm -— 
Parental Means 
Group 1 91 70 62 3 4 2 34 30 31 39 34 31 38 48 41 1.6 2.1 2.0 4.2 5.9 4.5 9 10 8 
Group 2 51 39 26 10 6 4 32 27 26 33 25 22 32 42 35 1.0 1.6 1.5 3.9 5.7 4.2 8 9 6 
Group 3 41 53 27 2 1 -2 31 30 26 23 26 16 25 40 30 1.0 2.0 1.4 3.7 5.9 4.2 9 8 6 
Group 4 63 56 31 0 -4 -4 35 30 27 27 23 16 25 37 28 1.5 2.2 1.5 4.4 5.9 3.8 8 8 6 
Group 5 57 48 34 -2 -2 -2 33 29 26 33 30 23 31 45 38 1.2 1.6 1.5 3.8 5.9 4.6 9 9 6 
Group 6 33 27 17 -9 -8 -3 25 24 21 24 24 21 31 44 40 1.2 1.3 1.0 4.0 6.2 4.9 9 8 6 
LSD 20 16 14 7 6 6 6 4 4 9 6 6 9 7 7 0.3 0.4 0.5 0.6 0.4 0.5 1 1 1 
Hybrid Means 
Group 1 100 76 58 — — 34 29 29 60 50 47 53 59 56 1.4 1.8 1.5 4.4 6.0 4.8 14 14 11 
Group 2 104 74 54 — — 37 32 31 60 48 42 50 57 51 1.4 1.7 1.4 4.5 6.1 4.6 11 12 8 
Group 3 95 70 49 — — 37 32 31 59 49 39 50 57 49 1.3 1.5 1.4 4.3 6.0 4.5 11 11 8 
Group 4 95 66 47 — — 37 31 30 56 46 38 49 55 49 1.4 1.6 1.4 4.5 6.0 4.4 11 11 8 
Group 5 92 67 49 — — 35 30 29 58 49 43 51 58 54 1.3 1.6 1.3 4.3 6.0 4.7 12 12 9 
Group 6 84 58 46 — — 33 28 26 57 46 43 52 58 55 1.2 1.5 1.2 4.5 6.2 5.0 12 12 9 
LSD 7 6 6 — — 3 2 3 4 3 4 3 3 4 0.1 0.2 0.1 0.2 0.2 0.2 1 1 2 
Indicated differences significant at the 0.05 level. 
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Table 8. Clustering of genotypes into seven groups 
based parental morphology (Riday, 2003) using Ward's 
method (SAS, 1994). 
Populations 
„ 1+ PI251836, Pioneer Hi-Bred, Forage Genetics, Hungarian, 
"P ^ ABI Alfalfa 
PI631591*, PI631857 (50%), PI502441 (40%), PI440539, 
_ _ PI631608 (33%), PI631612 (33%), PI499548, PI573175 
"P (33%), PI631811, PI502453 (25%), PI631799, PD14092 
(25%), SD-201, PI468015 
PI631857 (25%), PI631796 (20%), PB84890, PI538985 
_ (20%), PI631608 (66%), PI631612 (66%), PI631601 (50%), 
"P PI577561 (25%), PI499661/4 (50%), PI631645 (60%), 
PI631639 (33%), W6 16608, PI631806, PI502453 (25%) 
PI631857 (25%), PI494661 (80%), PI502441 (40%), 
_ . PI538985 (80%), PI631601 (50%), PI538993 (66%), 
^ PI577561 (50%), PI499661/4 (50%), PI631645 (20%), 
PI631639 (33%), PI573175 (66%), Lodgeland (50%) 
PI631579, PI631796 (80%), 5291/88, PI494661 (20%), 
Group 5 PI577561 (25%), PI631597 (20%), PI631797 (33%), 
PI314092 (25%), IA-3018 (20%) 
Group 6 PI631597 (60%), PI502453 (25%), WISFAL (40%) 
PI253451, 5299/88, PI631620, PI631597 (20%), PI531596, 
Group? PI502453 (25%), PI631797 (66%), PI214218, PI314092 
(50%), IA-3018 (80%), Lodgeland (50%), WISFAL (60%) 
t Group 1 Contains almost all sativa genotypes. 
X Two genotypes from this population were included in this study, 
however, parental morphological data was obtained from only one of 
these genotypes. 
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Table 9. Associations, using the uncertainty 
coefficient, between genetic, morphological, 
climate and geographic clusters. Cluster 
data based on wild falcata genotypes. 
Cluster Data Genetic Clusters 
Morph. 
Clusters 
Climate 
Clusters 
Morphological! 
A 
Morph. C. | X 
X | Morph. C. 
Climate 
*** 
0.32 
0.32 
x2 *** **  
Climate C. | X 0.36 0.23 
X | Climate C. 0.37 0.20 
Europe vs. Asia 
x2 
*** ** *** 
Continent | X 0.16 0.08 0.63 
X | Continent 0.40 0.17 0.25 
*, **, And *** significant at the P = 0.05, 0.01, and 
0.001 level, respectively. 
NS not significant. 
t Genetic and Morphological clusters are based on 
genotypic data, while continent and climate clusters are 
based on population data. 
+ Confidence interval was calculated around the %2 
probability using Monte Carlo simulation and the upper 
95% confidence limit was used as the f-value (SAS, 
1999). 
§ Calculated using the uncertainty coefficient 0 < 
(U(C|R) < 1 (Theil, 1972; SAS, 1994). 
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Table 10. Correlations between pairwise 
similarity matrices on a genotypic basis 
(genetic versus morphological) and on a 
population mean basis (comparisons between 
genetic, morphological, climate, and physical 
pairwise similarity). 
^™lanty Genetic Morph. Climate Matrix 
Genotypic Basis 
Morphological 0.10***t 
Population Mean Basis 
Morphological 0.27*" 
Climate 0.24'" 0.22*" 
Physical 0.20~" 0.12' 0.61*" 
*, **, and *** significant at the P = 0.05, 0.01, and 0.001 
level, respectively, based on Mantel test (1967). 
NS not significant. 
f Within population pairwise genetic and morphological 
similarity comparison correlation was 0.21 . 
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Table 11. Multiple regression models for genetic and morphological 
similarity with genetic (G), morphological (M), climate (C), and physical (P) 
similarity matrices on a population mean basis. 
Similarity Matrix Total ^ession Variai ^ parity ^ 
"• —— ————i iij rl ^ ^ 1 R 
Genetic 0.12'" 0.06'" 0.01' 0.01^ 0.01 0.00 0.03 0.01 
Total G C P G-C G-P C-P G-C-P 
Morphological O.IO'" 0.05"' 0.02" 0.00^ 0.01 0.00 0.00 0.01 
*, **, *** significant at the 0.05, 0.01, and 0.001 probability level 
NS not significant 
Table 12. Wild falcata and semi-partial R^ values for predicting biomass yield and 
heterosis for three harvests measured based on genotypes grouped by morphological (M), 
genetic (G) and climate groupings (C) separately and in a combined model. 
Separately Combined 
M G C Total M G C M-G| M-C G-C M-G-C 
R2 
Biomass Yield 
Year Total 0.28'" 0.23'" 0.34'" 0.44'" 0.10' 0.00™ 0.05™ 0.00 0.06 0.12 0.12 
1 0.15' 0.08™ 0.29'" 0.37" 0.08' 0.00™ 0.19' 0.00 0.03 0.02 0.05 
Harvest 2 0.31'" 0.16' 0.36'" 0.49'" o n "  
o
 
o
 0.09' 0.02 0.13 0.08 0.06 
3 0.24" 0.38'" 0.26'" 0.43'" 0.05™ 0.15' 0.00™ 0.00 0.00 0.04 0.22 
Biomass Heterosis 
Year Total 0.00™ 0.16' 0.26" 0.24' 0.00™ 0.00™ 0.08™ 0.00 0.00 0.16 0.00 
1 0.04™ 0.04™ 0.27" 0.29' 0.02™ 0.00™ 0.23' 0.00 0.00 0.03 0.01 
Harvest 2 0.05™ 0.16* 0.31'" 0.32" O
 
d
 
"
g 0.01™ 0.11^ 0.00 0.04 0.15 0.00 
3 0.00™ 0.22" 0.11* 0.22™ 0.00^ 0.13™ 0.00™ 0.00 0.00 0.09 0.02 
*, **, and *** significant at the P = 0.05, 0.01, and 0.001 level, respectively. 
NS not significant. 
f Combinations represent collinearity between groupings. Negative semi-partial R2 estimates were reported as zero. 
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Table 13. Regression of biomass yield and heterosis 
onto latitude and longitude for wild falcata genotypes 
for three harvests measured. 
Variables H P Latitude P Longitude r2 Total 
,2 
1 Latitude r
2 
Longitude 
Biomass Yield 
Total Year 191 0.92' -0.28'" 0.28 0.05f 0.14 
Harvest 1 75 0.54" -0.07' 0.24 0.11 0.05 
2 58 0.37' -0.09" 0.25 0.06 0.10 
3 60 0.01^ -0.12'" 0.28 0.00 0.24 
Biomass Heterosis 
Total Year -30 0.87' -4.16' 0.20 0.07 0.06 
Harvest 1 
-21 0.53" -0.04** 0.21 0.12 0.02 
2 -10 0.31" -0.07" 0.22 0.06 0.08 
3 2 0.03^ -0.07" 0.15 0.00 0.12 
*, **, and *** significant at the P = 0.05, 0.01, and 0.001 level, 
respectively. 
NS not significant. 
t semi-partial r2 based on type II SS (SAS, 1994). 
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Table 14. Comparisons among harvests of mean 
morphological correlations with climate variables 
averaged across similar responding months. 
Climate Variables Harvest 
Months 1 2 3 
Cloud Cover 1-4, 11-12 
5-6 
0.28' 
0.17' 
021" 
0.12' 
0.26* 
0.21' 
1-5 0.17* 0.13* 0.28' 
Conversion Factor 6-7 nsa -0.15' -0.16' 
10-11 0.20'' 0.19* 0.37' 
Diurnal Temp. Range 1-6, 9-12 -0.28' -0.22* -0.26' 
Frost 1-5, 9-12 -0.24* -0.23* -0.37' 
6-8 -0.18' -0.14' -0.16' 
Day Length 6 0.18' ns"* ns* 
Minimum Daily Temp. 1-3, 9-12 0.26* 0.25* 0.36" 
Photosynthetically Active 
Radiation 
M, 9-12 
5-6 
-0.22' 
-0.34' 
-0.17* 
-0.33' 
-0.09' 
-0.32" 
Precipitation 1-6, 9-12 0.24' 0.20* 0.25" 
Radiation 1-4, 10-12 
5-6 
-0.27' 
-0.19* 
-020* 
-0.12' 
-0.15" 
-020' 
Snow Cover 1-4,11-12 -0.14= -0.20* -0.34' 
Vapor Pressure 1-12 0.30* 0.31* 0.35' 
Vegetative Index 7-9 
10-12 
0.22"* 
0.24' 
0.26' 
0.27' 
0.18* 
0.30" 
Indicated differences significant at the 0.05 level. 
Table 15. Comparisons among morphological traits of harvest mean correlations with climate variables averaged across 
similar responding months. 
Climate Variables Months 
Biomass 
Yield HeLf Plant Width Plant Height Growth Angle 
Biomass 
Density Maturity Regrowth LSD? 
Par.1 Hyb.§ Par. Par. Hyb. Par. Hyb. Par. Hyb. Par. Hyb. Par. Hyb. Par. Hyb. 
Cloud Cover 1-4, 11-12 #0.35*" 
5-6 ns 
0.37 
ns 
ns8' 
ns 
ns 
ns 
ns 
-0.51 
0.41 
0.33 
ns° 
ns3 
0.38 
0.43 
0.30 
0.47 
ns" 
ns 
0.41"2 
ns"' 
ns" 
ns3 
ns 
ns 
ns"2 
ns 
0.43 
0.53 
0.13 
0.22 
1-5 ns'" ns ns ns -0.41 0.44 ns* 0.50 0.38 ns"' ns 0.34"3 nsd3 0.35"23 0.48 0.14 
Conversion Factor 6-7 -0.30 -0.45 -0.38 ns" ns ns ns ns ns ns -0.31 ns ns ns ns 0.22 
10-11 ns ns° ns ns -0.44 0.55 0.34* 0.65 0.48 ns ns ns3 nsd3 0.52 0.60 0.22 
Diurnal Tmp. Range 1-6, 9-12 -0.35e"1"3 -0.38 nsc"2 ns ns -0.45 ns" -0.45 ns"3 ns -0.33d"1"2 ns ns -0.32^23 -0.42 0.10 
Frost 1-5, 9-12 
6-8 
-0.44"" 
-0.41 
-0.39M 
-0.42 
-0.30 
-0.36 
ns 
-0.35 
ns 
ns 
-0.53f"a" 
ns"1"2 
ns""3 
ns"2 
-0.49 
ns 
ns8"3 
ns 
ns 
ns 
ns8"2 
ns 
ns*3 
ns 
nsd"3 
0.31 
-0.40lv2'3 
ns 
-0.42 
ns 
0.11 
0.18 
Day Length 6 ns 0.31 0.32 ns ns ns ns ns ns ns ns ns"»2-3 ns ns ns 0.32 
Min. Daily Tmp. 1-3, 9-12 0.44e 3,1 0.45 0.34 ns ns 0.52 0.30* 0.50 ns ns 0.33s'2 nsg3 nsd3 0.38"23 0.46 0.13 
Photosynthetical ly M, 9-12 -0.31 4X38*'-: -0.32d"1"2 -0.33e"1"3 ns ns""' ns ns ns ns" ns"' ns"23 ns ns ns 0.11 
Active Radiation 5-6 -0.55 -0.55 -0.378"2"3 -0.30 ns"3 -0.45 -0.36 -0.32 -0.34 -0.38 -0.47 nse"' ns nse"2 -0.46 0.22 
Precipitation 1-6, 9-12 ns0'3 ns ns ns8"2 -0.41e"11 0.41®2,1 ns-3 0.52 0.43 ns"' 0.32"" ns"' nsg3 0.39"23 0.55 0.10 
Radiation 1-4, 10-12 
5-6 
-0.34 
ns 
-0.39*^ 
ns 
ns*" 
ns 
ns""' 
ns 
ns 
0.48 
-0.301"1 
-0.33 
ns 
ns"3 
ns 
-0.41 
ns 
-0.46 
ns 
ns"1 
-0.30 
ns 
ns"-'+2 
ns 
ns 
ns 
ns 
ns 
ns"2 
-0.51 
0.12 
0.22 
Snow Cover 1-4,11-12 ns"3 -0.36f"2"3 -0.33 ns ns -0.43f"a" -0.35*' -0.47 ns"3 nsc2 ns8"2 ns*3 ns*3 -0.34 -0.36 0.14 
Vapor Pressure 1-12 0.53 0.50 0.36*'2 ns83 ns 0.55 0.36d23 0.44 ns3 ns 0.37s'2 ns ns 0.39"23 0.49 0.09 
Vegetative Index 7-9 0.42 0.30 
ns®2 ns ns 0.32 ns ns ns' 0.35 0.41 ns ns 0.30e23 0.36 0.18 
10-12 0.33 ns2 nsc2 ns -0.36 0.49 ns3 0.55 0.42 ns 0.37 ns ns 0.57"" 0.61 0.18 
t Het. Heterosis. 
$ Par. Correlations based on parental genotypes and climate variables. 
§ Hyb. Correlations based on testcross entry means and climate variables. 
% Least significant differences are given in transformed r values (Steel and Torrie, 1980). 
# In many cases correlations less than |±0.3I are significant, however, only correlations |±0.3| or greater are reported due to biological significance. Letters indicate 
correlation differences between harvests at P > 0.05 as follows: a- 1/2/3; b- I/2&3; c-2 /l&3;d-3/l&2;e - 1/2; f- 1/3; g-2/3. Numbers next to letters 
indicate during which harvests correlations are significant or greater than |±0.3|, whichever is greater. Negative sign indicates negative correlations. 
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Fig. 1. Geographical distribution of selected populations and their location of origin. [X] 
indicates approximate location of origin. "X" indicates semi-improved population. -X-
indicates populations improvement status unknown. X* indicates diploid population. 
Fig. 2. For increasing numbers of proposed genetic clusters the amount of genetic 
dissimilarity accounted for. 
Fig. 3. Trees representing relationships among seven genetic clusters with node bootstrap 
confidences. Cluster 6 is at the base of the tree and cluster 1 contains almost all sativa 
genotypes. (A) is based on genotypic marker data and (B) is based on .S/rwcfwre simulated 
allele frequency data. 
Fig. 4. Clustering of wild populations according to climate of origin variables, t Clusters 6, 
5, and 1 are southern clusters. { Clusters 4, 3, and 2 are northern clusters. 
Fig. 5. Graphs for cloud cover, conversion factor, diurnal temperature range, frost, minimum 
daily temperature, photosynthetically active radiation, precipitation, radiation, snow cover, 
vapor pressure, vegetative index, and wind speed showing correlations between these traits 
on a monthly basis and 45 morphological traits measured. Dashed line represents a = 0.05 
for an individual correlation being different from zero. 
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Fig. 4. 
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CHAPTERS: GENERAL DISCUSSION 
Study Summary 
We set out to examine the range of falcata germplasm in testcrosses with elite sativa 
germplasm. The most prominent conclusion of this study was that falcata with a European 
origin were most likely to display good biomass yield and heterosis performance in sativa-
falcata hybrids. The east west divide superceded other forms of falcata classiGcation including 
variegated color status of genotypes or of their population. Although, it was observed that 
variegated populations had slightly lower levels of heterosis. In addition variegated populations 
had decreased first harvest and increased third harvest biomass yield compared to pure yellow 
flowered falcata populations. 
Molecular DNA fragment variation and climate of origin analysis of wild falcata 
populations were correlated with biomass yield and heterosis. Like heterotic performance, the 
fragment data and climate data reflected the east-west division. DNA fragment variation and 
climate of origin data was correlated with biomass yield and heterosis. The genetic data was 
more correlated with biomass yield and heterosis during third harvest, while climate of origin 
data was more correlated with biomass yield and heterosis during first harvest. The climate of 
origin data in addition to detecting as east-west trend, showed a north-south trend with northern 
falcata outperforming southern falcata in testcrosses. The east-west trend appears to be based 
on temperature and milder winters, while the north-south trend was based on lower amounts of 
photosynthetically active radiation during peak visible spectrum radiation around June (for the 
northern hemisphere). 
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Improved morphology was not correlated with heterosis, but was correlated with 
improved biomass yield. It was, however, observed that visually pre-selecting for autumn vigor 
of genotypes had increased biomass yield and heterosis performance when compared with 
randomly chosen genotypes from the same populations. Falcata morphological variation 
overlapped elite-saliva variation for most morphological traits. However, for regrowth in 
particular no falcata populations were found that came anywhere near sativa regrowth, 
suggesting the need for intense selection for this trait. Despite slower regrowth, after first and 
second harvest, average sativa-falcata hybrids performance, by 30 days post-harvest, had 
reached the expected mid-point between their parental subspecies means after which time they 
showed increasingly outperformed the mid-parental subspecies mean. 
As part of this study were able to calculated additive genetic variances and determine 
narrow sense heritabilities for biomass yield. The estimates are consistent with older studies as 
well as yield measurements in other outcrossed species such as com. Estimates were low - 0.3. 
During first harvest especially heritabilities estimates were very low at 0.17. The low 
heritabilities indicate the need to progeny-test genotypes before selection. In addition low 
heritabilities support the utility of implementing some type of hybrid cultivar system to 
consistently capture non-additive genetic variance. 
Into the Future 
Selected falcata from this study are being intermated to form a base population for future 
selection. Upon completion of this study, a good knowledge base exists, from which targeted 
parental falcata germplasm selection for base population formation can be implemented. Based 
on this dissertation as well as previous work done on this topic (Riday, 2001; Riday and 
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Brummer, 2002ab; Riday et al., 2002, 2003), a good characterization of morphological 
strengthens and weaknesses of sativa-falcata hybrids have been ascertained. 
Remaining unresolved issues are: 1) How sativa-falcata germplasm will perform in a 
more intensive cutting regime under true sward conditions? The biomass accumulation 
overtime growth curves offer some clues to this question. However, a true planned experiment 
is needed to really resolve the issue. I implemented a small pilot study to address this issue and 
found that under a more intensive harvest regime (Riday and Brummer, 2001) in a sward some 
of the heterosis is lost in sativa-falcata hybrids. In addition more decumbent hybrids loose most 
of their heterotic performance under a sward intensive harvest regime. 2) Seed production 
remains the other unknown issue. Falcata have poor seed production levels compared to elite-
sativa germplasm. A second seed production issue is whether flower color affects pollinator 
preference when given a choice between yellow and purple flowers. Optimization of a sativa-
falcata seed production system still needs to be worked out. 
I am confident that the sativa-falcata semi-hybrid breeding scheme is implementable and 
would lead to improved alfalfa cultivars. If given the opportunity I estimate I could have a 
demonstration semi-hybrid variety ready for testing within the next five years. 
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APPENDIX A: ACCOMPANYING CD-ROM AND USER 
INSTRUCTIONS 
System Requirements 
IBM PC or 100% compatibles; Windows 95 or Higher; CD-ROM drive; Microsoft 
Excel. 
Files Included and Descriptions 
(38KB): Description of populations used in this 
study, including: geographic origin; plant introduction numbers; improvement 
status; ploidy; and variegated status of population. Description of individual 
genotypes used, includes: DNA and Geld numbers; selected or random 
genotypes when applicable (for genotypes from populations were visual and 
random selection were accomplished); and flower color (for variegated 
populations). 
jfmv Defalk (9147KB): Includes all raw field data collected. 
BaZwicgdVOafa S'ef.xZf (3566KB): Includes adjusted and predicted values for all Geld 
traits except height Balanced data sets are based on four environments: Ames 
2001 and 2002, and Nashua 2001 and 2002. Important height measurement date 
information is included in this file. 
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Core (1879KB): Includes height series data for all 
entries on an environment adjusted experiment wide basis. Four growth periods 
were measured. 
(5357KB): Height series spread sheets used to estimate: spring 
regrowth, 2™* growth period regrowth, 3^ growth period regrowth, 4* (or fall) 
growth period regrowth, and fall asymptotic height 
(1905KB): Includes experiment wide means for all traits 
(including height series and height derived traits [regrowth and fall asymptote]) 
for 625 core entries. Core entries are based on (i) 125 clonal entries of core 
genotypes and (ii) four testcross entries for the 125 core genotypes. 
T&pfcrass^dverqge.xk (652KB): Includes experiment wide parental (clonal) and hybrid 
(testcross average) means for all traits for 125 core genotypes used. 
DNA Fragment_Data.xls (313KB): Contains 139 AJFLP molecular marker fragment 
scores for genotypes tested. 
Accession Mean.xls (253KB): Includes experiment wide population parental and 
hybrid means for 44 core populations analyzed. 
Em^rowneM/ (103KB): Includes environment of origin data 
collected from public databases for the 44 core populations analyzed. 
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